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Thioether-oxime Complexes of Nickel(II) and Copper(II) 
Michael J. Prushan 
Anthony W. Addison  
 
  
 Nickel(II) and Copper(II) complexes of tetra-and pentadentate 
thioether-oxime ligands have been synthesized.  An extraordinary range of 
properties are exhibited by the complexes.  The tetradentate thioether-oxime 
complexes of copper(II) form axial/equatorial dimeric complexes in the solid 
state.  These complexes exhibit weak ferromagnetic coupling between 
adjacent copper(II) ions.  ESR spectra reveal that the dimer is broken in 
solution, and indeed the ESR spectra reveal tetragonal symmetry about the 
copper(II) ions in the tetradentate thioether-oximes.  The electrochemistry of 
these complexes supports the fact that oxime-containing ligands stabilize 
copper(II).  Nickel(II) forms a wide range of structures with the tetradentate 
ligands; the geometries vary from low-spin square planar to high-spin 
trinuclear complexes.  The nickel(II) ions in trimeric complexes are disposed 
at the corners of an isosceles triangle and couple to each other through weak 
antiferromagnetic interactions.  The electrochemistry of the trimeric 
nickel(II) complexes reveals that Ni(III) is attainable, due to the presence of 
anionic donors.  Nickel(II) and Copper(II) form octahedral and square-
 xxi 
pyramidal complexes with the pentadentate thioether-oxime ligands.  The 
electrochemistry of the Ni(II) complexes reveals that most of the 
pentadentate ligands can stabilize both Ni(I) and Ni(III)
  
1 
Chapter 1. Introduction 
 
 
 In recent years the chemistry of metal complexes containing both 
nitrogen and sulfur donors has grown rapidly, largely due to the discovery of 
metals in mixed nitrogen/sulfur environments as the active sites of many 
important enzymes.  It is therefore important to understand the redox 
chemistry of metal ions in mixed nitrogen/sulfur coordination 
environments1-4.  This chemistry is partly motivated by the hope that by 
understanding how these enzymes carry out chemical transformations it 
could potentially lead to the synthesis of new environmentally friendly 
catalysts5-7. 
 Nickel complexes with sulfur coordination spheres have attracted 
much attention as model complexes for the active sites of nickel enzymes.  
However, the interest in nickel complexes with sulfur containing ligands is 
not limited to bioinorganic chemistry.   Recently many examples of nickel 
complexes with sulfur donors have appeared in the literature which possess 
such properties as metallic-like conductivity8, the ability to reversibly react 
with olefins through a redox couple leading to olefin separation from 
petrochemical feedstocks9, and as heterogeneous hydrodesulfurization 
catalysts10. 
2 
Similarly, copper coordination chemistry with mixed nitrogen/sulfur 
donors has also been of great interest.  Again, this is largely due to the 
presence of copper in N/S environments in the centers of many of its 
enzymes and proteins.  Other areas of chemistry have also benefited from 
this copper nitrogen-sulfur coordination chemistry.  Copper complexes have 
been used as redox on/off switches11,as fluorescent materials12 ,and as 
supramolecular building blocks13. 
 
1.1.  Bioinorganic Chemistry of Nickel 
 
 Researchers have become increasing interested in the coordination 
chemistry of nickel complexes as models for the active sites in nickel 
containing enzymes14-17.  This is largely due to the discovery of nickel at the 
centers of many important enzymes18-20.  There are six nickel enzymes 
discovered so far, they are: urease21, NiFe hydrogenases, methyl coenzyme 
M reductase22, carbon monoxide dehydrogenase23, acetyl coenzyme A 
synthase24 and more recently nickel superoxide dismutase (NiSOD)25, 26.  
Additionally, there are several proteins required for the delivery and 
assembly of the nickel ions into the active sites of some of these proteins.  
For example, the nickel-uptake system in Escherichia coli consists of five 
proteins, NikABCDE.  Recent spectroscopic studies of NikA suggest that the 
3 
nickel site is six coordinate and comprised of five oxygen and/or nitrogen 
donors, and a single sulfur donor27-29.  There are additional E. coli enzymes 
in which nickel is important such as peptide deformylase and glyoxalase I 
which catalyze the deformylation of nascent polypeptides, and the 
isomerization reaction of the hemiacetal to the thioester of d-lactate formed 
from the reaction of pyruvaldehyde and glutathione respectively 30.   Since 
1995, the structural biology of nickel proteins has greatly expanded largely 
due the X-ray structures of urease31, NiFe hydrogenase32, and methyl 
coenzyme M reductase33.  Many of the enzymatic reactions which occur in 
these centers are primarily due to the redox activity of the nickel atoms in 
the enzyme’s active site (Table 1.1.).  In fact the proposed mechanisms of 
NiFe hydrogenase34, methyl-CoM reductase35,36 and NiSOD25, 26 involves 
reduced (Nio,Ni+) and or oxidized (Ni3+) forms of nickel.  In the case of 
Methyl-CoM reductase, and NiFe Hydrogenase a Ni(III)-Ni(II)-Ni(I) cycle 
has been proposed as part of the enzymatic cycle37,38.  It is important to note 
that in general, the nickel sites in the redox enzymes are dominated by 
cysteinate ligation whereas the nickel sites in nonredox, hydrolytic enzymes 
and transport proteins are dominated by O(N)-donor ligands.  Therefore, the 
trend is for biological redox active nickel centers to be closely associated 
with sulfur-ligation whereas those with nonredox roles lack Ni-S bonds.   It  
4 
Table 1.1. Nickel Enzymes (active sites, reactions and 
biological distribution) 
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* indicates enzymes which have Ni(I) and or Ni(III) in their reaction mechanisms. 
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is difficult to achieve this Ni(III)-Ni(II)-Ni(I) redox cycle in small molecule 
chemistry mainly due to the fact that the coordination environments which 
tend to stabilize Ni+ are much different from those that stabilize Ni3+ 39-41.  
Nickel centers with reversible Ni(II)/Ni(I) and Ni(III)/Ni(II) couples and low 
Ni(III)/Ni(II) potentials are crucial to the activity of these nickel redox 
enzymes.  The importance of these characteristics has lead to an increased 
interest in the synthesis of Ni(II) complexes with mixed N/S donors as 
structural, spectroscopic and redox models of the active sites of these redox 
enzymes42, 43. 
 
1.2.  Bioinorganic Chemistry of Copper 
 The importance of mixed S/N donor environments is not specific to 
nickel.  In fact the coordination environments of metal ions in all 
metalloproteins are dominated by nitrogen, oxygen, and sulfur donor atoms 
from the amino acid side chains and prosthetic groups. Copper is utilized 
very extensively in biological systems, to perform a large variety of 
functions, from electron transfer to oxygen transport.  There are nine classes 
of copper enzymes and proteins44: (1) electron-transfer enzymes 
(plastocyanin and azurin); (2) ‘blue’ oxidases (laccase, ascorbate oxidase, 
and cerloplasmin); (3) ‘non-blue’ oxidases (galactose oxidase and amine 
6 
oxidase); (4.) monooxygenases (tyrosinase and dopamine b-
monooxygenase); (5.) dioxygenases (quercetinase); (6.) terminal oxidase 
(cytochrome c oxidase); (7.) superoxide degradation (Cu,Zn-superoxide 
dismutase); (8.) dioxygen transport (hemocyanin); (9.) nitrogen cycle 
enzymes (nitrite reductase and N2O reductase).  The active sites of these 
protein classes are largely, but not exclusively made up of combinations of 
three distinct copper types: type 1, type 2, type 3 [Figure1.1].  The most 
prevalent protein type is the type 1 Cu protein also know as the blue copper 
proteins due to the intense blue color of the Cu(II) form of these proteins.   
Type 1 copper occurs in electron-transfer proteins such as azurin, 
plastocyanin, and stellacyanin. The blue copper proteins have been 
extensively studied, from a biochemical, theoretical and through synthesis of 
various model complexes45-48.  Type 2 proteins, which lack the intense blue 
color of the type 1 class, are therefore called nonblue copper proteins.  Type 
2 coppers are usually present in combination with type 1 or type 3, but occur 
alone in galactose oxidase49.  In certain proteins two or more different types 
of copper centers are found, as in laccase, where there is one type 2, and one 
type 3 center, or in ascorbate oxidase,  where all three centers are found (one 
of each type)50. 
7 
Copper proteins are widely utilized in plants, fungi, mollusks and 
arthropods.  Only a small amount of copper (about 150 mg copper/adult 
human) is necessary for health, but there is little tolerance for deviation. As a 
result of disturbances in the copper distribution in humans due to genetic 
factors several diseases exist, such as Wilson’s disease, Menke’s syndrome 
(both involve problems with copper transport and storage in the form of 
ceruloplasmin)51, and familial amyotrophic lateral sclerosis, a.k.a. Lou 
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Figure 1.1.  Coordination modes in the three copper protein types. 
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Copper’s biological role is not limited to its presence in the active sites of 
many proteins and enzymes.  Copper also plays an important role in the 
activity of certain drugs, Cimetidine (trade name Tagamet), used in the 
treatment of peptic ulcers.  It is proposed to exist as a copper(II) chelate53, 54 
under in vivo conditions through work which discovered that Cu(II) 











Figure 1.2.  Structure of Cimetidine (Tagamet™) 
 
Other drugs contain N/S-donor groups in the form of copper(II) chelates, 
which are used a radioimaging and source radiation treatment agents56, 57.  











Figure 1.3.  A 62copper(II) radioimaging agent 
 
1.3. Oxime Coordination Chemistry 
   The name oxime is a contraction of oxy-imine.  The oxime group is 
amphiprotic with a slightly basic nitrogen atom and a mildly acidic hydroxyl 
group.  Oximes have played a noted role in the development of coordination 
chemistry58, 59.  Alfred Werner, although generally remembered for his 
contributions to coordination chemistry, studied isomerism of organic 
compounds for his doctoral work in 1890 under Hantzsch and entitled his 
thesis “Ueber räumliche Anordnung der Atome in sticksoffhaltigen 
Molekülen” (“On the Spatial Arrangement of Atoms in Nitrogen-Containing 
Molecules”).  Werner recognized that the observed isomerism of oximes is 
due to “the different spatial arrangement” of the groups attached to the C=N 
moiety60, 61.  In 1905, Chugaev discovered the vicinal dioxime metal 
complex bis-dimethylgloximatonickel(II)62, initiating an area of coordination 
chemistry which has been widely explored during the past century.  The first 
10  
vic-oxime quasi-macrocyclic complexes were prepared by Uhlig and 
Friedrich63 in 1966.  Since that time, many oxime ligands and their metal 
complexes have been synthesized.  Some of these ligands are shown in 







































































































Figure 1.4. Some Oxime Ligands 
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Short intramolecular H-bonds (=NO-H· · · O-N=) [Figure 1.5] are an important 
factor in the chemistry of vic-dioximes71, 72, regulating the coordination 
mode and the structural differences of metal oxime complexes.  The 
formation of the H-bonds is responsible for the cis-arrangement of the 
coordination sphere of bis-oximato complexes73-78.  Removal of the bridging 
proton can lead to complete rearrangement of the coordination sphere79. 
Another area of oxime metal complex chemistry more recently explored is 
that of addition reactions to coordinated oxime moieties80, 81.  Small 
molecules such as acetonitrile82, and acetone83 can add across oximes and 





























Figure 1.5. Oxime coordination modes 
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Oxime metal complexes have been used for a number of purposes, 
such as oxidation reagents, as is the case in two recent examples where a 
copper-oxime complex was used to oxidize the C-H and O-H bonds in 
dihydroanthracene to anthracene84, and an oxo-vanadium(IV) oxime was 
used as a olefin oxidation catalyst85.  Oxime metal complexes are utilized in 
medicine as well; technetium(V)- and copper(II)-containing vic-oximes 
currently are used as cerebral and myocardial perfusion imaging agents86-91.  
This area was also recently reviewed92, 93.   
It is important to realize that the biological function of oximes and the 
mechanism of their metabolism are connected with their chelation by metal 
ions, for example, in the inhibition of arginase.  This effect is connected 
with coordination of the oxime group of the inhibitors to the arginase Mn2+-
containing active site94.  Oximes play an important role in modeling such 
biological processes as electron transfer95-97, vitamin B12 mimics
97-99and the 
biosynthesis of nitric oxide100, 101.   
But probably the most important feature of oxime ligands is in the 
ability of the oximato group to coordinate additional metal ions via the 
bridging N and O functions (ambident in nature) [Figure 1.4].  This 
characteristic has extensively utilized in area of molecular magnetism for the 
14  
design and synthesis of polynuclear assemblies102-106, 59 .  Self-assembling 
multi-nuclear metal complexes are of great interest107-110 for a number of 
reasons: The development of molecular magnets111-117, and the 
understanding of how complicated highly-order systems spontaneous 
form118-122 to name a few.  In the case of nickel there are many examples of 
molecular magnets, and self-assembling supramolecular structures123, 124.  
The largest all nickel(II) metal ring was recently synthesized containing 24 
Ni(II) ions, each in either a O6 or NO5 octahedral coordination 
environment125. 
 
1.4. Electronic Spectra of Ni(II) Complexes 






3A2g) [figure 1.6].  With donor 
atoms from row-3 and beyond, the Ni(II) spectra become less 
straightforward to interpret.  Generally, it is known that only two d-d 
transitions are observed when thioether donors are present, the highest 
energy band (3T1g(P)ß
3A2g) becoming obscured by the charge-transfer 
processes (~400nm)126.  Two other problems are often encountered in Ni(II)-
thioether and nitrogen containing systems which are interrelated; (a) The 
mathematical relationships involving spectral transitions and the ligand field 
15  
parameters break down if there are row-3 donors in the coordination 
sphere127, (b) The lowest energy band (3T2gß
3A2g) often exhibits a double-
humped shape due to mixing with a close-lying spin-forbidden transition 
(1Egß
3A2g) through spin-orbit coupling
128, 129 [figure 1.7].  These problems 
make it difficult to obtain values for 10Dq as well as B (the Racah parameter 
[B = (2n12+n22-3n1n2)/(15n2-27n1)]).  Hancock and coworkers have 
attempted to tackle the problem of determining 10Dq by ‘deconvoluting’ the 
low energy spin-allowed (10Dq) from the spin-forbidden transition and the 
method has been used to interpret the spectra of other hexacoordinate Ni(II) 
systems with thioether and nitrogen donors127-130.   
 
Figure 1.6. Partial d8 Tanabe-Sugano diagram relevant to interpreting Ni(II) 



















Figure 1.7. Solution spectra of [Ni(NH3)6]
2+ and [Ni([9]aneS3)2]
2+ 
illustrating the dependence of the position of the 1Eg transition on the 
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Chapter 2.  Synthesis of Thioether-Oxime Ligands 
2.1. Introduction 
 Oxime-containing ligands are prevalent in inorganic chemistry1, 
however ligands which contain both oxime and thioether groups are quite 
rare2.  This class of ligands is of interest largely due to the fact that they 
contains both strongly basic (and s-donating) oximate nitrogen donor and 
“soft”(p-acceptor) thioether sulfurs3.  The juxtaposition of these two types of 
donor atoms in one ligand is exhibited in the interesting and unusual 
properties of their nickel(II) and copper(II) complexes (chapters 3-5).   
 
2.2. Experimental Section 
 The ligands are generally all synthesized using the same general 
procedure:  The nucleophilic reaction of thiolate with an alkyl or aryl halo-
oxime or ketone.  It is advantageous to utilize the halo-oxime rather than the 
corresponding halo-ketone due to the possibility for the formation of 
thioacetals4.  In fact, the oxime group is a classic protecting group for 

















































































































































































HS SH + H2O
 
Figure 2.2. Thioacetal formation 
 
All reagents were purchased from either Aldrich, Acros or Fisher and used 
without further purification.  2-chloroacetophenenone oxime6, 3-chloro-3-
methyl-2-butanone oxime7, 2,6-bis(mercaptomethyl)pyridine8, and N, N, N-
tris-(mercaptoethyl)amine hydrobromide (trithiotren· HBr)9 were prepared 
according to published methods.  Elemental microanalyses were carried out 
by Robertson Microanalytical Laboratories (Madison, NJ) or by the 
University of Pennsylvania Microanalytical Laboratory.  Proton NMR 
spectra were obtained on a Bruker AM250 spectrometer, with TMS internal 
standard.    Fast Atom Bombardment Mass spectra were obtained on a VG-
ZABHF high resolution double focusing instrument using o-nitrobenzyl 
alcohol as the matrix for FAB mode.   Desorption Chemical Ionization Mass 
Spectra were obtained on a Finnigan 4500 instrument using methane as the 
reagent gas. 
 Chloro-2-propanone oxime.  46.3g (0.50 mol) chloroacetone in 




34.7g (0.50 mol) hydroxylamine hydrochloride in 30 mL H2O was added 
slowly with stirring.  A saturated aqueous solution of 69.0 g K2CO3 was 
gradually added over 40 min.  The mixture was stirred for an additional 2 
hrs.  The product was extracted with diethyl ether (3 x 25 mL), the extract 
was dried over Na2SO4, and the ether was removed via rotary evaporation.  
The pale yellow liquid product (48.0 g, 90%) was used without further 
purification due to its lachrymatory nature.  CI-MS: 107 ([M]+, 26%), 71 
([MH-Cl]+, 48%). 1H NMR (CDCl3): d 1.9 (s, 3H), 3.4 (5, 2H), 9.8 (1H). 
 
3-Chloro-2-butanone oxime.  Prepared according to a modified literature 
procedure10.  To a solution of 58 g (0.55 mol) 3-chloro-2-butanone in diethyl 
ether (50 mL) maintained at a temperature of 0 oC (ice/salt bath) was added 
a saturated aqueous solution of 38 g (0.55 mol) hydroxylamine 
hydrochloride in water (150 mL).  With stirring 38 g (0.28 mol) K2CO3 was 
added in small portions over 1 hr.  The resulting mixture was then stirred for 
2 hr.  The ether layer was collected and the aqueous layer was washed with 
diethyl ether (2 x 25 mL).  The combined ether extracts were combined and 
dried over anhydrous Na2SO4.  The ether was removed via rotary 




([MH]+, 23%), 86 ([M-Cl]+, 100%). 1H NMR (CDCl3): d 1.6 (d, 3H), 2.0 (s, 
3H), 4.7 (q, 1H), 9.8 (s, 1H). 
 
2-Chlorocyclohexanone oxime. 24.5g (0.185 mol) of 2-chloro- 
cyclohexanone in diethyl ether (20 mL) was cooled to 0oC in a salt/ice bath.  
A solution of 12.86 g (0.185 mol) of hydroxylamine hydrochloride in 30 mL 
H2O was added slowly with stirring.  A saturated aqueous solution of 12.78g 
(0.0925 mol) of K2CO3 was gradually added over 30 min.  The product was 
extracted with diethyl ether (3 x 20 mL), the extract was dried over Na2SO4, 
and the ether was removed via rotary evaporation.  The pale brown liquid 
product (solidified upon refrigeration) was used without further purification 
(12.3 g, 45.1%). FAB-MS: 148 ([MH]+, 100%).  1H NMR (CDCl3): d 1.3 (t, 
4H), 1.5 (q, 2H), 1.75 (q, 2H), 3.5 (t, 1H), 9.7 (s, 1H). 
 
N,N-bis(2-mercaptoethyl)benzylamine11. [The procedure used here was 
similar to that used to synthesize other thioether compounds12.]  A solution 
of ethylene sulfide (19.52 g, 325 mmol) and benzylamine (17.40g, 162.3 
mmol) in toluene (80 mL) were refluxed under an atmosphere of nitrogen.  
After 30 h., the toluene was removed via rotary evaporation to yield (32.3 g, 
87.6 %) as a viscous clear oil.  CI-MS: 228 ([MH]+, 100 %), 194 ([M-SH]+, 
28 %), 91 ([M-C2H10NS2]




the hydrochloride salt by passing HCl gas through a cold (0 oC) stirring 
solution of N,N-bis(2-mercaptoethyl)benzylamine free base in EtOH/Et2O 
(10:1) to yield a white precipitate which is collected via vacuum filtration, 

















Figure 2.3. General Procedure for Synthesis of the Thioether-Oxime  
Ligands. 
 
Preparation of the Ligands 
All of the ligands were synthesized according to the same general procedure.  
One example of the complete synthesis will be given and for all other 
compounds only the differences and physical properties will be given. 
 
4,8-dithia-3,9-dimethyl-unidecane-2,10-dione dioxime (DtdoH2) [1]. 
Under an atmosphere of N2, Na metal (2.76 g, 120mmol) was dissolved in 
absolute ethanol (50 mL).  1,3-propanedithiol (6.50g, 60 mmol) was added, 
followed by NaBH4 (0.1eq/mol dithiol)(0.66g , 6 mmol).  The mixture was 
heated to boiling on a steam bath and allowed to cool to room temperature.  




mmol) was slowly added with stirring.  The mixture was allowed to stir 
overnight.  The ethanol was evaporated off (steam bath) and the residue was 
partitioned between 40 ml of diethyl ether and 60 mL water.  Three such 
ether extracts were combined and dried over anhydrous Na2SO4.  Ether 
removal (rotary evaporator) afforded a white solid.  Recrystallized from 95 
% ethanol.  Yield, 16.5g (98.8 %).  FAB-MS: 279, ([MH]+, 85%). 1H NMR 
(DMSO-D6) d 1.1 (t, 4H), 1.4 (d, 6H), 1.8 (s, 6H), 3.4 (q, 2), 3.6 (m, 2), 10.0 
(s, 2H). 
A previous method for the preparation of this ligand is described by 
Pavlishchuk et. al.13 in comparable yield.   
 
4,8-dithiaunidecane-2,10-dione dioxime (DtudH2) [2]. For 5.34 g (50 
mmol) 1,3-propanedithiol and 10.7g (100 mmol) Chloro-2-propanone 
oxime.  Recrystallized from 95% ethanol.  Yield, 3.30 g (89 %) of a white 
solid.FAB-MS (NaBr added): 251 ([MH]+, 80%), 273 ([MNa]+, 25%), 178 
([M-C3H5NOH]
+, 45%). 1H NMR (CDCl3): d 2.0 (s, 6H), 2.2 (s, 4H), 2.4 (t, 
2H),  3.2 (s, 4H), 9.4 (s, 2H). 
3,3’-(1,3-propanedithia)bis-(3-methyl-2-butanone oxime) (MedtdoH2) 
[3]. Was prepared according to a modified literature procedure14.  For 16.17g 




butanone oxime15.  The majority of the compound was insoluble in either the 
aqueous or ether layers and was suspended between the two.  The white 
solid was collected by vacuum filtration and washed with water (30 mL) and 
dried in air.  An addition amount of product was obtained by concentration 
of the ether layer.  Recrystallized from 95% ethanol.  Yield, 14.4 g (25 %).  
CI-MS: 307 ([MH]+, 60%),206 ([M-C5H9NOH]
+, 34%).  1H NMR 
((CD3)2SO): d 1.4 (s, 12H), 1.6 (q, 2H), 1.82 (s, 6H),  2.32 (t, 4H), 10.7 (s, 
2H). 
 
4,7-dithia-3,8-dimethyl-nonane-2,9-dione dioxime (DmtdoH2) [4].  For 
2.35 g (25 mmol) 1,2-ethanedithiol and 6.05 g (50 mmol) 3-chlorobutanone 
oxime.  Recrystallized from 95% ethanol to afford a white solid.  Yield, 
5.28g (80 %).  Analytical data: Calc % for C10H20N2O2S2: C 45.4, H 7.63, N 
10.60, found: C 45.7, H 7.62, N 10.52.  FAB-MS : 265 ([MH]+, 40%). 
1HNMR (CDCl3): d 1.3 (s, 6H), 1.9 (s, 4H), 2.6 (m, 4H), 3.7 (q, 2H), 9.2 (s, 
2H). 
4,7-dithiadecane-2,9-dione dioxime (DtoxH2) [5]. For 4.7 g (50 mmol) 1,2-
ethanedithiol and 10.7g (100 mmol) chloro-2-propanone oxime.  Recrystallized 
from 95 % ethanol giving a white solid.  Yield, 9.05g (76.7 %). Anal., Calcd.  




11.6.  FAB-MS : 237 ([MH]+, 50%).  1H-NMR (CD3OD): 1.82 (s, 6H); 2.52 
(s, 4H); s 3.4 (s, 4H), 9.2 (s,2H). 
Alternatively, DtoxH2 can be prepared in comparable yield by the reaction 
of Chloro-2-propanone with 1,2-ethanedithiol according to the procedure 
used for the dithioether-dioxime synthesis thus yielding 4,7-Dithiadecane-
2,9-dione.  This dithiadiketone is then added to an aqueous ethanol (75%) 
solution of hydroxylamine (generated from hydroxylamine hydrochloride 
and aqueous NaOH)16. 
 
4,9-dithiadecane-2,11-dione Dioxime (DttdH2) [6].  For 6.11 g (50 mmol) 
1,4-butanedithiol and 10.7 g (100 mmol) chloro-2-propanone oxime.  A light 
yellow oil was obtained, which was purified by stirring in 50 mL toluene to 
obtain a white solid which was recystallized from 95% EtOH Yield, 12.39 g 
(93.9%). FAB-MS : 265 ([MH]+, 85%), 192 ([M-C3H5NO]
+, 53%).  1H 
NMR (CDCl3): d 1.6 (t, 4H), 2.0 (s, 6H), 2.4 (t, 4H),  3.2 (s, 4H), 9.0 (s, 2H). 
 
1,3-Bis-(2’-hydroxyiminocyclohexyl-1’-thia)propane (DtcyH2) [7]. 
For 3.24 g (15 mmol) 1,3-propanedithiol and 4.41 g (30 mmol) 2-chloro-




([MH]+, 50%).  1H NMR (CDCl3): d 1.2 (t, 4H), 1.3-2.8 (m, 14H), 3.6 (t, 
2H), 3.8 (q, 4H). 
 
1,2-Bis-{(3’-hydroxyimino)-1’-thiabutyl}benzene (BzthoxH2) [8].  For 
1.00 g (7.00 mmol) 1,2-benzenedithiol and  1.50 g (14.0 mmol) chloro-2-
propanone oxime.  Yield, 1.94 g (97.5%) light yellow oil.  FAB-MS (NaBr 
added): 285 ([MH]+, 85%), 307 ([MNa]+, 95%). 1H NMR (CDCl3): d 2.0 (s, 
6H), 3.6 (s, 4H), 7.1 (m, 2H),  7.3 (m, 2H), 8.9 (s, 2H). 
 
1,2-Bis-{(4’-hydroxyimino)-2’-thiapentyl}benzene (BzmethoxH2) [9]. For 
2.56g (15 mmol) 1,2-benzenemethanedithiol and 3.21g (30 mmol) Chloro-2-
propanone oxime.  Yield (5.51g, 58.9 %) light yellow oil.  FAB-MS: 313 
([MH]+, 90%).  1H NMR (CDCl3): d 2.1 (s, 6H), 3.2 (s, 4H), 3.8 (s, 4H), 7.2 
(m, 2H), 7.3 (m, 2H) 9.6 (s, 2H). 
 
3,7-dithianonane-1,9-diphenyl-1,9-dione dioxime (PhdtudH2) [10].  For 
6.48 g (30 mmol) 1,3-propanedithiol and 10.17 g (60 mmol) 2-
chloroacetophenone was obtained a sticky off-white solid which was 




FAB-MS : 375 ([MH]+, 20%), 240 ([M-C8H8NO]
+, 40%). 1H NMR (CDCl3): 
d 2.0 (m, 2H), 2.6 (t, 4H), 3.8 (s, 4H), 7.3-7.9 (m, 10H), 9.3 (s, 2H). 
 
1,3-Bis-(2’-hydroxyiminocyclopentyl-1’-thia)propane (DtcyptH2) [11].  
For 2.3 g (27 mmol) 1,3-propanedithiol and 5.0 g (42 mmol) 2-
chlorocyclopentanone reacted as described above.  The resulting yellow oil 
was added to a solution (70 mL of 70% aqueous ethanol) of 2.22g (32 
mmol) hydroxylamine hydrochloride and 1.28 g (32 mmol) NaOH.  The 
mixture was allowed to stir overnight.  The water and ethanol were removed 
via rotary evaporation.  Diethyl ether (20 mL) and water (20 mL) were 
added, the aqueous layer was extracted, and the ether layer was collected 
and dried over Na2SO4 (anhydrous).  The ether was removed via rotary 
evaporation to give a dark yellow oil.  Yield 2.1 g (44 %).  FAB-MS (NaBr 
added): 303 ([MH]+, 15 %), 325 ([MNa]+, 60%).  1H NMR (CDCl3): d 1.2 
(t, 4H), 1.3-2.5 (m, 14H), 3.6 (t, 2H), 3.8 (q, 4H). 
 
6,7-dihydroxy-4,9-Dithiadecane-2,11-dione dioxime (DTEdoxH2) [12]. 
FAB-MS (NaBr added): 319 ([MNa]+, 10%), 297 ([MH]+, 30%).  1H NMR 
((CD3)SO): d 1.5 (s, 6H), 3.5 (d, 2H), 4.0 (d, 4H), 4.5 (s, 4H), 5.3 (t, 2H), 8.8 





All of the pentadentate ligands were synthesized using the same general 
procedure, an example of which is illustrated below. 
 
4, 7, 10-trithiatridecane-2, 12-dione dioxime (TtoxH2) [13].  Under an 
atmosphere of N2, Na metal (0.69g, 30 mmol) was dissolved in absolute 
ethanol (20 mL). Bis(2-mercaptoethyl) sulfide (2.3g, 15 mmol) was added, 
followed by NaBH4 (0.33g, 3 mmol).  The mixture was heated to boiling on 
a steam bath and allowed to cool to room temperature.  An ethanol solution 
(15 mL) of chloro-2-propanone oxime (3.21g, 30 mmol) was slowly added 
with stirring.  The mixture was allowed to stir overnight.  The ethanol was 
evaporated off (steam bath) and the residue was partitioned between 20 mL 
of diethyl ether and 30 mL of water.  Three such ether extracts were 
combined and dried over anhydrous Na2SO4.  Ether removal (rotary 
evaporator) afforded a viscous pale yellow oil. Yield: 3.36g (76%). FAB-






3,11-dimethyl-4, 7, 10-trithiatridecane-2, 12-dione dioxime (MeTtoxH2) 
[14].  The procedure followed was as for TtoxH2, but using 3-
chlorobutanone oxime (3.63g, 30 mmol) instead of Chloro-2-propanone 
oxime. Ether removal (rotary evaporator) afforded a viscous pale yellow oil.  
Yield 3.94g (81%).  FAB-MS: M+H =325; 1H NMR: d 1.4 (2d, 6H), 1.9 (s, 
6H), 2.6 (m, 8H), 3.7 (qd, 2H), 9.6 (s, 2H). 
 
4, 10-dithia-7-oxatridecane-2, 12-dione dioxime (OdtoxH2) [15].  The 
procedure followed was as above, 2-mercaptoethyl ether (2.07g, 15 mmol) 
being used instead of 2-mercaptoethyl sulfide.  Ether removal (rotary 
evaporator) afforded a viscous pale yellow oil  Yield: 3.90g (93%). 
FAB-MS: M+H =281; 1H NMR: d 2.0 (s, 6H), 2.7 (m, 8H), 3.2 (s, 4H), 3.6 
(m, 4H), 9.9 (s, 2H). 
 
2,6-bis{(4’-iminohydroxy)-2’-thiapentyl} pyridine (PytoxH2) [16].  The 
procedure followed was as for TtoxH2 , but using 2,6-bis(mercaptomethyl)- 
pyridine (3g, 17.5 mmol) as the dithiol.  Ether removal (rotary evaporator) 




added): 336 ([MNa]+, 30%), 314 ([MH]+, 100%).  1H NMR (CDCl3): d 1.9 
(s, 6H), 3.2 (s, 4H), 3.8 (s, 4H), 7.1-7.4 (m, 2H), 7.5 (m, 1H). 
 
N-benzyl-N,N-bis-{(3-thia-5-hydroxyiminohexane)} (BzamtoxH2) [17]. 
For N,N-bis(2-mercaptoethyl)benzylamine (4.5 g, 20 mmol) and chloro-2-
propanone oxime (4.28g, 40 mmol).  Yield 7.35 g (99.6%) of a pale yellow 
oil.  FAB-MS: 370 ([MH]+, 65 %), 251 ([M-CH2SCH2C(CH3)NOH]
+, 85 
%).  1H NMR (CDCl3): d 2.0 (s, 6H), 2.5 (q, 4H), 2.7 (q, 4H), 3.2 (s, 4H), 
3.6 (s, 2H), 7.3 (m, 5H). 
 
N,N,N-tris-{(3-thia-5-hydroxyiminohexane)} (TrentoxH2) [18].    
(MJP9897) 
Na metal (1.38g, 60 mmol) was dissolved in 20 mL absolute ethanol 
followed by the addition of 4.17g (15 mmol) N, N, N-tris-
(mercaptoethyl)amine hydrobromide (trithiotren· HBr) and 0.057g (1.5 
mmol) NaBH4 under a nitrogen atmosphere.  The mixture was heated until 
boiling on a steam bath.  4.8 g (45 mmol) Chloro-2-propanone oxime in 15 
mL ethanol was slowly added and work up in the usual procedure.  Yield 
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 The coordination chemistry of copper(II) with oxime-containing ligands 
has been extensively studied.  vic-Dioximes, including copper(II) complexes 
have received considerable attention as model compounds for many 
important biological processes1-3.  Oxime metal complexes possess 
biological activity4as well as semiconducting properties5.  Due to the 
bridging ability of the oxime moiety, copper(II) oxime complexes have been 
synthesized which vary in their nuclearity anywhere from monomeric to 
tetrameric and beyond6-9.  A large portion of this work has been devoted to 
complexes of ligands which contain two oxime groups; as a consequence the 
complexes of these ligands tend to be dinuclear.   Most of the dimeric 
copper(II) complexes of di-oxime ligands bridge in an out-of-plane fashion, 
where one oximate oxygen from one complex bridges to the adjacent 
copper(II) and vice versa.  Out-of-plane bridging is generally responsible for 
the ferromagnetic interactions observed in these complexes, such as 
[Cu(DMG)]2 
10.  Recently, a large number of papers have appeared in the 
literature dealing with the synthesis, structure and magnetic properties of 
oxime-containing complexes11-14.  The main reasons for the current interest 
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in oxime metal complexes are the ability of oximes (oximates)  to coordinate 
in different modalities to metals as well as the easy tunability of their 
substituents15, 16.  A further addition to the large body of work already done 
on copper(II) dioxime dimers are copper(II) complexes of ligands which 
contain dioxime moieties as well thioether donors. 
3.2. Experimental Section 
  
 Commercially available reagents (from Aldrich and Fisher) were used 
without further purification.  Acetonitrile for electrochemistry was distilled 
off P4O10 under N2.  Electrochemistry, ESR and optical spectra were carried 
out as previously described17.  Elemental microanalyses were performed by 
the University of Pennsylvania Microanalytical Laboratory. FAB-mass 
spectra were obtained on a VG-ZABHF instrument using 2-nitrobenzyl 
alcohol as the matrix (M is the complex cation).  Variable temperature 
magnetic data (2-300 K) were obtained with a Quantum Design MPMS5S 
SQUID magnetometer operating at 0.1-0.5 T.  Calibrations were carried out 
with a palladium standard, and temperature errors were determined with 
[H2TMEN][CuCl4]
18.  Susceptibility data were corrected for diamagnetism 
using Pascal's constants.  Data were analyzed using SAS Insitute's JMP 3.1 





[Cu(DtdoH)]ClO4. DtdoH2 (3 mmol, 0.870g) was dissolved in MeOH (20 
mL) with stirring and a methanolic solution of Cu(ClO4)2 (3 mmol) was 
added.  After the addition of a solution (MeOH, 5 mL) of sodium acetate (3 
mmol, 0.246 g) a purple precipitate formed.  The solid was collected via 
vacuum filtration and washed with MeOH (2x 5mL) and dried in air.  
Recrystallization from hot MeOH gave purple rhombs. Yield 0.82 g (62.1 
%).  Analytical data: Calc % for C11H21ClCuN2O6S2: C 30.0, H 4.81, N 6.36, 
found: C 30.1, H 4.70, N 6.36.  FAB-MS: (M)+: 340. 
 
[Cu(DtdoH)]BF4.  DtdoH2 (1 mmol, 0.278g) was dissolved in MeOH (15 
mL) with stirring a methanolic solution of Cu(BF4)2 (1 mmol) was added.  
After the addition of a solution (MeOH, 5 mL) of sodium acetate (1 mmol, 
0.0.082 g) a purple precipitate formed.  The solid was collected via vacuum 
filtration and washed with MeOH (2x 5mL) and dried in air.  
Recrystallization from hot MeOH gave purple rhombs.   Yield  0.17 g (40 
%).  Analytical data: Calc % for C11H21BCuF4N2O2S2: C 30.9, H 4.95, N 




[Cu(DtudH)]ClO4· CH3OH. DtudH2 (3 mmol, 0.768g) was dissolved in 
MeOH (20 mL) with stirring a methanolic solution of Cu(ClO4)2 (3mmol) 
was added.  After the addition of a solution (MeOH, 5 mL) of sodium 
acetate (3mmol, 0.246g) a purple precipitate formed.  The solid was 
collected via vacuum filtration and washed with MeOH (2x 5mL) and dried 
in air.  Recrystallization from hot MeOH gave purple microcrystals. Yield 
1.15g (86.3 %).  Analytical data: Calc % for C9H17ClCuN2O6S2· CH3OH: 
C 27.0, H 4.76, N 6.30, found: C 27.0, H 4.61, N 6.64.  FAB-MS: (MH)+: 
313. 
 
[Cu(Thyclops)]ClO4. [Cu(DtdoH)]ClO4  (1mmol, 0.438 g) was dissolved in 
MeCN (3mL) under an atmosphere of N2.  With stirring, triethylamine 
(1mmol, g) was added followed by BF3· OEt2 (2 mmol, 0.25mL, g).  The 
mixture was stirred for 15 min to give a deep purple solution.  The 
acetonitrile was removed via rotary evaporation and isopropanol (10 mL) 
was added.  The resulting solid was collected by vacuum filtration and 
recrystallized from 1:1 hot isopropanol/methanol.  Yield 0.30g (61 %) of 
purple prisms.  Analytical data: Calc % for C11H20BClCuF2N2O6S2: C 27.1, 
H 4.13, N 5.74, found: C 27.0, H 4.21, N 5.53 .  FAB-MS: (M)+: 388. 
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 CAUTION: Although the complexes reported do not appear to be 
mechanically sensitive, perchlorate complexes should be treated with due 
caution. 
X-ray data collection 
X-ray data for  [Cu(DtdoH)]2(ClO4)2  and [Cu(Thyclops)]ClO4 were 
collected on a Siemens P4S diffractometer and refined according to 
published procedures19. 
 For [Cu(DtdoH)]2(ClO4)2  a total of reflections 4446 were collected (0£ 
h £9, 0 £ k £27, -15£ l £15) in the range of 2.63 to 27.50o, with 4134 being 
unique (Rint =2.34 %). 
 For [Cu(Thyclops)]ClO 4 a total of 3941 reflections were collected (-19£ 
h £17,  0£ k £12,0£ l £17) in the range of 2.52 to 27.49o, with 3781 being 
unique (Rint =1.62 %). 
The structure of [Cu(DtdoH)]2(ClO4)2 was solved semi-empirically from f-
scans20, whereas the structure of [Cu(Thyclops)]ClO4 was solved by direct 
methods.  Both structures were refined by full least-squares methods based 
on F2 to R values21.  Hydrogens were included in structure factor 
calculations in calculated positions and refined using a riding model.  
Thermal ellipsoids are displayed at the 20% probability level for clarity, and 




3.3. Synthetic Results and Discussion 
 
All attempts to –BF2
+ macrocyclize [Cu(DtudH)]ClO4 yielded only oily 
products which proved impossible to purify.  Attempts to –BF2
+ bridge via 
the hydrolysis reaction of BF4
- to BF2
+ yielded only the methesis product, 
[Cu(DtudH)]BF4.  (see Chapter 6. for an example of this reaction.) 
 
3.4. Description of Structures 
Structure of [Cu(DtdoH)]ClO4.  An ORTEP diagram is shown in Figure 
3.1. and selected bond distances and angles given in Table 3.1.  The 
structure is composed of two quasi-macrocyclic units (proton bridging 
between the two oxime oxygens (2.528 Å)) joined by two Cu-O(oximate) 
bonds (one from each ligand) at 2.293 Å, which is quite common for cis-
oxime copper(II) complexes.  The geometry at each copper(II) (monomer 
unit) can be described as a distorted square pyramid (t=0.14)22, and the 
bases of the square pyramids (the two C2NSCu rings) are twisted by 26.9
o.  
The overall geometry of [Cu(DtdoH)]ClO4 is quite similar to that of 
[Cu(dmgH)2]
23, where t = 0.13 and the two five-membered C2N2Cu rings are 
twisted by 23.2o with respect to each other. The basal plane contains two 
S(thioether) donors and two N(oxime) donors coordinated to the Cu at 
typical average distances (2.287 Å), and (1.984 Å) respectively24. Although 
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the overall structure of [Cu(DtdoH)]ClO4 is very similar to that of 
[Cu(dmgH)2], the subtle differences result in somewhat different 
magnetochemical properties(vide infra). 
Structure of [Cu(Thyclops)]ClO4.  An ORTEP diagram is shown in Figure 
3.2. and selected bond distances and angles given in Table 3.2.  The X-ray 
structure reveals an almost perfect square pyramidal N2S2O coordination 
environment (t =0.027 ).  The apical position is occupied by a 
O(perchlorate) (2.211 Å) and is typically elongated due to Jahn-Teller 
distortion.  The cis-oximes are macrocyclized by a -BF2
+ group and the 
resulting O-B bond distances (1.47 Å) as well as S(thioether) (2.295Å) and 
N(oxime) (1.980 Å) distances are typical for -BF2
+ macrocyclized thioether-
oxime copper(II) complexes17.  The hydrogen atoms of C(1B) are disordered 
















Cu-N(1B)  1.972(3)  Cu-N(1A)  1.996(3) 
Cu-S(1B)  2.2776(9)  Cu-O(1B)#1  2.293(2) 
Cu-S(1A)  2.2957(10)  S(1A)-C(2A) 1.836(4) 
S(1A)-C(3A) 1.837(4)  S(1B)-C(3B) 1.819(4) 




N(1B) -Cu-N(1A)      98.16(11)               N(1B)-Cu-S(1B)     83.84(8) 
 
N(1A)-Cu-S(1B)       165.86(9) N(1B)-Cu-O(1B)#1          89.00(9) 
 
N(1A)-Cu-O(1B)#1   96.70(10) S(1B)-Cu—O(1B)#1        97.34(6) 
 
N(1B)-Cu-S(1A)       174.43(8) N(1A)-Cu-S(1A)               83.59(9) 
 
S(1B)-Cu-S(1A)        93.19(4) O(1B)#1-Cu-S(1A)           96.07(6) 
 
C(2A)-S(1A)-C(3A)  101.6(2) C(2A)-S(1A)-Cu          99.26(13) 
 
C(3A)-S(1A)-Cu       107.41(14) C(3B)-S(1B)-C(2B) 102.0(2) 
 




3.5. Electronic Spectra  
Optical spectral data are given in Table 3.3.  The electronic spectra show 
two bands in the visible region.  The higher energy band (between 350-
425nm) is assigned as thioether sulfur-to-copper(II) charge-transfer25.  This 
charge transfer band is more specifically a s(S)àdx2-y2(Cu) transition.  The 
magnitude of the LMCT depends on the extent of the interaction between 
the s-orbitals on the thioether-sulfur and the Cu(II)dx2-y2 orbital.  This orbital 
overlap discussion has important consequences when trying to model the 
high molar absoptivities of blue-copper proteins26. Therefore, the 
tetradentate thioether-oxime complexes discussed here should have fairly 
intense SàCu LMCT bands, and indeed they do.  The presence of the two 
thioether sulfur donors impart intense bands (e= 1860 to 3270).  The 
excessive intensity of the lower energy band (between 498 and 590 nm) 
mitigates against assigning it as purely a dàd transition25a.  This transition 
has been assigned as a dp(Cu)/3b1(S)à dx2-y2 (Cu).  According to Nikles et 
Al25b, the S(p)à dx2-y2 (Cu) transition is usually weaker than the S(s)à dx2-y2 
(Cu) transition and has the possibility of mixing with the dàd transition.  
The observance of CuàN=O (oxime) charge transfer, which usually occurs 
around 350 nm28 is obscured by the intensity of the SàCu LMCT band.    


















Cu-N (1B)  1.977(2) Cu-N(1A)  1.981(2) 
 
Cu-O(14)#1  2.211(3) Cu-S (1B)  2.2952 (8) 
 
Cu-S(1A)  2.2953(8)  S(1A)-C(5A) 1.833(3) 
 
S(1B)-C(3B) 1.822(3)  S(1B) -C(5B) 1.826 (3) 
  
F(1)-B  1.378 (4)  F(2)-B  1.368(4)  
 
O(lA)-N(lA)  1.382(3) O(1A) -B  1.475(4)  
 
O(1B) -N(1B) 1.379 (3) O(1B)-B  1.467(4) 
 
O(14)-Cu#2  2.211(3) N(1A) -C(2A) 1.282 (4)  
 
N(1B) -C(2B) 1.279(4) 
 
Bond Angles   
N(1B)-Cu-N(lA)             95.87(9)  N(1B)-Cu-O(14)#1       97.75(12) 
 
N(1A) -Cu-O(14) #1     100.51(13)     N(1B)-Cu-S (1B)           84.87 (7) 
 
N(1A) -Cu-S (1B)        160.82(7)  O(14)#1-Cu-S (1B)        98.37(11) 
 
N(1B)-Cu-S (1A)         159.90(7)        N(1A) -Cu-S (1A)          84.89(7) 
 
O(14)#1-Cu-S (1A)      101.86(10)      S(1B)-Cu-S (1A)            87.97 (3) 
 
C1-O(14)-Cu#2            138.8(2)          C(2A) -N(1A) -O(1A)   114.3 (2) 
 
C(2A)-N(1A)-Cu         123.5(2)          O(1A)-N(lA)-Cu            122.00(16) 
 





oxime analogs, such as [Cu(Cyclops)]ClO 4 (445 nm)
27, [Cu(preH)]ClO4 
(490 nm)27 and [Cu(dmgH)2] (477 nm)
28, it is observed that the transitions 
occur at slightly lower energy in the case of the thioether-oxime complexes, 
but generally at much higher molar absorptivity.  These observations lend 
themselves to the fact that thioether-sulfur is acting as a slightly weaker 
ligand-field donor that imino-nitrogen, as well as the increased overlap 
between the ligand-sulfur orbitals.  
3.6. ESR Spectra 
 The ESR spin-Hamiltonian parameters are given in Table 3.4.  Figure 
3.3. shows the 77 K solution spectra of [Cu(Thyclops)]ClO4 in MeOH.  No 
DMs=2 transitions were observed at “half-field” as are often the case for 
coupled Cu(II) dimers29, 30.  This supports the fact that the common species 
observed in the ESR (at least in MeOH) are only monomers.  The ESR 
spectra of the tetradentate thioether-oxime copper(II) complexes are axial in 
nature, where g|| > g^ indicates a dx2-y2 ground state, which is a typical 
occurrence for tetragonal copper(II) complexes (except for the neat powder 
spectrum of [Cu(DtudH)]ClO4· CH3OH).  The g|| values are greatly 
influenced by the donor types and by the coordination geometry.  Hard 
donors as well as distortion from planar geometries cause g|| to increase, 
whereas soft donors and planar geometries cause g|| to decrease






Table 3.3. Optical Spectra 
 
Complex Mediuma l (nm (e (M-1cm-1)) 
   
[Cu(Thyclops)]ClO4 solid state 590, 350 sh 
 CH3CN 582 (747), 385 (2290) 
 CH3NO2 546 (610) 
 CH3OH 570 (429), 357 (1640) 
   
[Cu(DtdoH)]ClO4 solid state 570, 390 
 CH3CN 552 (1240), 425 (2090) 
 CH3NO2 500 sh (1220), 399 (3030) 
 CH3OH 556 (1160), 419 (2600) 
   
[Cu(DtudH)]ClO4· CH3OH
b solid state 600, 420 
 CH3CN 540 (1010), 419 (2440) 
 CH3NO2 498 sh (1140), 401 (3270) 
   
[Cu(DtudH)]BF4 solid state 590, 400 
 CH3CN 556 (1150), 411 (2410) 
 CH3NO2 505 sh (994), 409 (2390) 
 CH3OH 551 (801), 414 (1860) 
      
   
a Solid-spectra spectra from diffuse reflectance in MgCO3 matrix. 





also other ESR-based indicators of coordination geometry (tetragonal vs. 
trigonal), namely large values of |A||| and low values of the distortion index 
(g||-2/|A|||)
32 are good indicators of “regular” tetragonal stereochemistry.  
Another important aspect of the geometry can be learned from the 
similarities between <g> (average g-value) and go (isotropic g-value), the 
closer these values are to each other the  more persistent a particular 
stereochemistry is over the temperature ranges (room temperature to 77 K) 
and states (R.T. solution, cryogenic glass, and neat solid) in which the 
spectra are obtained.  All of the above-mentioned parameters point to 
tetragonal geometries for most of the complexes.  The values of g|| (between 
2.09-2.16) all are similar to other copper-oxime complexes, which have g|| 
values ranging from 2.1-2.19 17, 27. Another interesting feature of many 
copper(II) oximes is the appearance of nitrogen super-hyperfine lines in the 
g^ region, which generally mirror the number of nitrogen donors (2nI+1, 
where I =1 for nitrogen and n is the number of nitrogen donors)17, 27.  The g|| 
values are also consistent with thioether-sulfur being present in the 
coordination environment, as lower g||  are commonly observed in thioether-
copper(II) complexes31, 33, 34.  The distortion indices for all three complexes 
are rather low and betoken tetragonal symmetry: 5.1 for [Cu(Thyclops)]ClO4 




distortions observed in the crystal structures of these two complexes (vide 
supra).  It should be noted that the largest value was observed for 
[Cu(DtudH)]ClO4· CH3OH (9.39), which also manifests itself  as a rhombic 
spectrum in the neat powder spectrum.  The rhombicity parameter, R=(g2-
g1)/(g3-g2)
35 being an indicator of the rhombic distortion (R=0.71)  which 
signals lower symmetry in the coordination sphere.  The lower symmetry 
observed in the ESR spectra of [Cu(DtudH)]ClO4· CH3OH also appears in 
the magnetochemical properties of this complex, which are slightly different 




Table 3.4. ESR Data 
Complex Mediuma 
go
b 104 |´Ao| 
(cm-1)b 
g||
b 104 |´A||| 
(cm-1)b 
g^





[Cu(Thyclops)]ClO4 MeOH 2.03 81 2.10 196 2.01 23 17 
 solid   2.09  2.01   
[Cu(DtdoH)]ClO4 MeOH 2.07 76 2.14 185 2.07 22 17 
 solid   2.13  2.04   
[Cu(DtudH)]ClO4· CH3OH MeOH 2.07 77 2.16 171 2.03 30 18 
 solid   g1=2.15 g2=2.10 g3=2.03   
 
a MeOH was used as the solvent for ambient-T isotropic and 77 K cryogenic spectra. 
 
b go, Ao are from RT fluid spectra; g||, A|| and g^ are from 77 K spectra g^ value obtained via simulation; A^ via 3Ao = A||+2A^ 
go and g|| ± 0.005; 10




















 Magnetic data for the tetradentate thioether-oxime complexes, as well 
as reference data are provided in Table 3.5. and the variable-temperature 
magnetism for [Cu(DtdoH)]ClO4 is shown in Figure 3.4. and that of 
[Cu(DtudH)]ClO4· CH3OH is shown in Figure 3.5. Very weak ferromagnetic 
coupling dominates the magnetism of these complexes.  The variable 
temperature magnetic susceptibility data for [Cu(DtdoH)]ClO4 and 
[Cu(PreH)]ClO4 were fit using the modified Bleaney-Bowers equation
36, 













=   (1) 
 
where Na is the temperature independent paramagnetism and J is the 
exchange integral. 
The magnetic data for [Cu(DtdoH)]ClO4 was fit with J= +0.61±0.03 cm
-1, 
g= 2.02±0.03 and Na = 7 x10-5±2 x 10-5, whereas the data for 
[Cu(PreH)]ClO4 was fit with J= +1.45±0.06 cm
-1, g = 2.03±0.04 and Na = 3 
x10-6± 1 x 10-6. 
The data for [Cu(DtudH)]ClO4· CH3OH was fit using Kahn’s model for 































































           (5) 
[Cu(DtudH)]ClO4· CH3OH was fit with the following parameters: J = -1.00 
cm-1, g = 2.20, Na=1.10 x 10-3, D = 0.  The Na value is unusually large (Na  
usually is 6 x 10-5 cm3 g atom-1 38, but no other values gave credible fits and 
may be the result of ferromagnetic impurity.  The very weak ferromagnetic 
couplings observed in these complexes are primarily due to the orthogonal 
nature in which the oxime monomers are bonded to each other (vide supra).  
The dx2-y2 orbital on one Cu(II) ion is approximately orthogonal to that of the 
dx2-y2 on the other Cu(II).  This mode of bond is common for most vic-
dioxime copper(II) complexes and weak ferromagnetic coupling has also 
been observed in these complexes39, 40.  The exchange integrals associated 
with copper(II) complexes with similar axial/equatorial bridging modes as 





provided for comparison. Generally, when two copper(II) ions are bridged in 
a equatorial/equatorial fashion strong antiferromagnetism results is is 
evidenced from the data provided for [Cu2(Damox)2].  The literature value
18 
for the magnetic properties of [Cu(dmgH)2] dimer is much more 
ferromagnetic (+15 cm-1) than other complexes with similar structures.  To 
check the anomalously large value of the exchange integral associated with 
[Cu(dmgH)2], the variable-temperature susceptibility was determined.  The 
data, when fit to the Kahn model37 suggests weak ferromagnetic coupling (J 
= +0.60 cm-1±0.02, g=2.0±0.2, and Na = 4 x10-4 ±1x10-4).  It is clear that the 
previously reported values are wrong and that the current values correlate 
well with the structural features associated with [Cu(dmgH)2] and other 
dimeric copper(II) oxime complexes.  The exchange integral value obtained 
for [Cu(DtudH)]ClO4· CH3OH is slightly different from the other two 
complexes, and from the reference data provided, as it is weakly 
antiferromagnetic in nature.  This observation correlates with the ESR data 
(vide supra) which suggested that [Cu(DtudH)]ClO4· CH3OH was more 
distorted compared with the other complexes.  X-ray diffraction studies 
could provide insight into the exact structure of the distortion.  Repeated 
attempts to obtain single crystals of [Cu(DtudH)]+, as both the perchlorate 





effloresced solvent on standing.  The only statement that can be inferred is 
that the geometry is distorted about each Cu(II) ion, such that the 
coordination geometry is more trigonal compared with the other complexes 
in the series, and that the distortion leads to weak antiferromagnetic 
coupling. 
3.8. Electrochemistry 
 A summary of the electrochemical data is given in Table 3.6.  The 
electrochemistry of the tetradentate thioether-oxime copper(II) complexes is 
rather irreversible, thus lending credibility to the fact that such coordination 
environments tend to stabilize copper(II).  Certainly, it is the case that 
anionic ligands tend to support copper(II), in fact this effect is quite 
substantial and has been discussed in detail by Addison et al.41, where it was 
found that for a series of thioether and thiolate copper(II) complexes, that the 
thiolate ligands tended to stabilize Cu(II) rather than stabilize Cu(I).  This 
charge effect was also shown in a series of non-sulfur containing complexes, 
where conversion of two pyridyl nitrogen donors for anionic pyrrollide 
nitrogens depressed caused the E1/2  for Cu(II)/Cu(I) to become more 
negative by 0.76 V 42.  Aliphatic nitrogen donors also have a tendency to 
stabilize Cu(II) relative to Cu(I)43, therefore it should be no surprise that 





Table 3.5. Magnetochemical and Structural Data  
Complex J (cm-1) Cu-O-Cu (o) Cu-Cu (Å)  Cu-O (Å)  ref. 
      
[Cu(DtdoH)]2(ClO4)2 +0.61 100 4.0 2.3/2.9 this work 
[Cu(DtudH)]2(ClO4)2
* -1.00 - - - this work 
[Cu(DidoH)]2(ClO4)2 +1.45 - - 2.5
e this work 
[Cu(dmg)2]2 +0.60 94 3.8 1.9/2.4
f this work 
[Cu(pyNO)2(NO3)2]2
a +5.00 103 3.5 2.0/2.4 47 
[Cu(Salen)2]2
b +9.00 89 3.2 2.0/2.4 48 
[Cu(Me-Sal)2]2
c +4.00 80 3.2 1.9/2.4 48 
[Cu2(O2CMe)3(bpy)2]ClO4 +4.00 110 3.4 2.0/2.3 50 
[Cu(tyr)2]2 +10.0 - - 2.0/2.4 49 
[Cu(dpt)(Cl)]2Cl2
j +42.9 - 3.6 - 55 
[Cu2(mbdpdz)Cl4]
g -36.0 116 3.3 1.9 51 
[Cu2(Damox)2]
h -227 80 3 1.9/2.0i 52 
[Cu2(Cyclops)2(C4H4N2)] 
(ClO4)2 -0.57 - - - 54 
apyNO = pyridine N-oxide      
bSalen = N, N'-ethylenebis(salicylaldiminate)   
cMe-Sal = N-methylsalicylaldiminate      
dLH2 = 4,4,99-tetramethyl-5,8-diazadodecane-2,11-dione dioxime  
eStructurally characterized as perrhenate salt which is monomeric46.  
f [Cu(dmgH)2] x-ray structure from Vacigo and Zambonelli
23.   
gmbdpdz = 3,6-bis[(6-methyl-2-pyridyl)(2-pyridyl)methyl]pyridazine  
hDamoxH2 = 2,6-bis(acetoximato)-4-methyl phenol.    
ix-ray structure from Black et Al.53.      
jdpt = Diisopropylenetriamine.      



































































[Cu(Thyclops)]+ is much harder to reduce compared with the analog all 
nitrogen complex, [Cu(Cyclops)]+ (E1/2 = -0.63 V), by about 0.83 V 
27.  The 
same trend hold true for the quasi-macrocyclic complexes as well 
[Cu(DtdoH)]+, and [Cu(DtudH)]+, which are also harder to oxidize by on 
average 0.83 V relative to their all-nitrogen analogs27. As is the case in most 
BF2
+ bridging macrocycles, the electron withdrawing nature of the group 
tends to stabilize Cu(I) relative to the H-bridging quasi-macrocycles.  
Replacing H, by BF2
+ shifts the Cu(II)/Cu(I) reduction in a positive direct by 
0.14 V ([Cu(DtdoH)]+ vs.[Cu(Thyclops)]+).  This effect is of the same order 
of magnitude observed for [Cu(PreH)]+ vs. [Cu(Cyclops)]+ (0.23 V)27.  CO 
gas irreversibly causes the quasi-reversible voltammetry  of [Cu(Thyclops)]+ 
to become irreversible and in the process causes a cathodic shift of Ep,c to –
292 mV (a shift of 89 mV).  Attempts to resaturate the acetonitrile solution 
with N2 gas only resulted in electrochemistry which was identical to that of 
the CO-adduct.  A possible reason for this effect is that once the Cu(I)-CO 
adduct is formed, it is much more kinetically unstable relative to the Cu(I)-
solvento species, and rapidly is converted to a non-electro-active species 











 Table 3.6. Electrochemical Data 
Complex E1/2 (V)
a 108 Dh (g cm s-2)b 








a E1/2 vs. Ag+ (0.01 M, 0.1 M NEt4ClO4, CH3CN)/Ag.  The electrode is at 
approximately +0.540 V vs. the SHE.  All electrochemistry was performed in 
CH3CN with 0.1 M NEt4ClO4 supporting electrolyte.   
 bh (0.1 M TEAP in CH3CN) = 0.00380 g cm-1 s-1.   
c E1/2 and Dh obtained from RDE polarogram, estimate of Dh obtained according  












(1) Schrauzer, G. N.; Windgassen, R. J.; Kohnle, J. Chem. Ber. 1695, 98, 
3324. 
 
(2) Chakrovorty, A.; Coord. Chem. Rev. 1974, 13, 1. 
(3) Gagné, R. R. J. Am. Chem. Soc. 1976, 98, 6709. 
(4) Brown, D. G. Prog. Inorg. Chem. 1973, 18, 17. 
(5) Thomas, T. W.; Underhill, A. E. Chem. Soc. Rev. 1972, 1, 99. 
(6) Song, Y.; Chen, X. –T.; Zheng, C. –G.; Zhu, D. –R.; You, X. –Z. 
Trans. Met. Chem. 2001, 26, 247. 
 
(7) Nanda, K. K.; Addison, A. W.; Paterson, N.; Sinn, E.; Thompson, L. 
K.; Sakaguchi, U. Inorg. Chem. 1998, 37, 1028. 
 
(8) Beckett, R.; Hoskins, B. F. J. Chem. Soc., Dalton. Trans. 1972, 291. 
(9) Beckett, R.; Colton, R.; Hoskins, B. F.; Martin, R. L.; Vince, D. G. 
Aust. J. Chem. 1969, 22, 2527.  
 
(10)  Villa, J. F; Hatfield, W. E. Inorg. Nucl. Chem. Lett. 1970, 6, 511.   
(11) Maekawa, M.; Kitagawa, S.; Nakao, Y.; Sakamoto, S.; Yatani, A.;  
Mori, W.; Kashino, S.; Munakata, M. Inorg. Chim. Acta 1999, 293, 
20. 
 
(12) Das, A. K.; Peng, S. –M.; Bhattacharya, S. Polyhedron, 2001, 20,  
  327. 
 
(13) Hierso, J. –C.; Ellis, D. D.; Spek, A. L.; Bouwman, E.; Reedijk, R.  
  Eur. J. Inorg. Chem. 2000, 2459. 
 






(15) Ruiz, R.; Sanz, J.; Cervera, B.; Lloret, F.; Julve, M.; Bois, C.; Faus,  
  J.; Muñoz, M. C. J. Chem. Soc, Dalton. Trans. 1993, 1623. 
 
(16) Llanguri, R.; Morris, J. J.; Stanley, W. C.; Bell-Loncella, E. T.;  
Turner, M.; Boyko, W. J.; Bessel, C. A. Inorg. Chim. Acta 2001, 
315, 53. 
 
(17) Prushan, M. J.; Addison, A. W.; Butcher, R. J. Inorg. Chim. Acta  
  2000, 300-302, 992. 
 
(18) Brown, D. S.; Crawford, V. H.; Hall, J. W.; Hatfield, W. E. J. Phys.  
  Chem. 1977, 81, 1303. 
 
(19) V. V. Pavlishchuk, S. V. Kolotilov, A. W. Addison, M. J. Prushan,  
  R. J. Butcher, L. K. Thompson Inorg. Chem.1999, 38, 1759. 
 
(20) North, A. C. T.; Phillips, D. C.; Mathews, F. Acta Cryst. A. 1968,  
  24, 351. 
 
(21) Sheldrick, G. M. SHELEX-97; University of Göttingen; Göttingen,  
  Germany, 1997. 
 
(22) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.  
  C. J. Chem. Soc. Dalton Trans. 1984, 1349. 
 
(23) Vaciago, A.; Zambonelli, L. J. Chem. Soc. (A) 1970, 218. 
(24) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.  
  G.; Taylor, R. J. Chem. Soc., Dalton. Trans. 1989, S1. 
 
(25) (a) Amundsen, A. R.; Whelan, J.; Bosnich, B. J. Am. Chem. Soc.    
1977, 99, 6730.  (b) Nikles, D. E.; Anderson, A. .B.; Urbach, F. L. in 
Karlin, K. D.; Zubieta, J. (eds.)  Copper Coordination Chemistry, 
Biological and Inorganic Perspectives, Adenine, NY, 1983, p 203. 
 
(26) Solomon, E. I.; LaCroix, L. B.; Randall, D. W. Pure & Appl. Chem.  







(27) Addison, A. W.; Carpenter, M; Lau, L. K. –M.; Wicholas, M. Inorg.  
  Chem. 1978, 17, 1545. 
 
(28) Nonaka, Y.; Hamada, K. Bull. Chem. Soc. Jpn. 1981, 54, 3185. 
(29) Haddad, M. S.; Hendrickson, D. N. Inorg. Chem. 1978, 17, 2622. 
(30) Addison, A. W.; Burke, P. J.; Henrick, K. Inorg. Chem. 1982, 21,  
  60. 
 
(31) Addison, A. W.  In Copper Coordination Chemistry: Biochemical  
 and Inorganic Perspectives, Karlin, K. D.; Zubieta, J. Eds. Adenine 
Press: New York, 1983 p. 111-118. 
 
(32) Nanda, K. K.; Addison, A. W.; Butcher, R. J. McDevitt, M. R.; Rao,  
  T. N.; Sinn, E. Inorg. Chem. 1997, 36, 134. 
 
(33) Pavlishchuk, V. V.; Addison, A. W. Inorg. Chim. Acta 1993, 203,  
  29. 
 
(34) Sakaguchi, U.; Addison, A. W. J. Am. Chem. Soc. 1977, 99, 5189. 
(35) Ray, N. J.; Hulett, L.; Sheahan, R.; Hathaway, B. J. J. Chem. Soc.,  
  Dalton Trans. 1981, 1463. 
 
(36) Bleaney, B.; Bowers, K. D. Proc. Royal. Soc. London. Ser A. 1952,  
  214, 451. 
 
(37) Kahn, O. Molecular Magnetism, VCH Publishers, NY, 1993, p. 137. 
(38) Earnshaw, A. Introduction to Magnetochemistry, Academic Press,  
  NY, 1968. 
 
(39) Gavel, D. P.; Schlemper, E. O. Inorg. Chem. 1979, 18, 283. 
(40) Fraser, J. W.; Hedwig, G. R.; Powell, H. K. J.; Robinson, W. T.  







(41) Addison, A. W.; Rao, T. N.; Sinn, E. Inorg. Chem. 1984, 23, 1957. 
(42) Yokoi, H.; Addison, A. W. Inorg. Chem. 1977, 16, 1341. 
(43) Addison, A. W. Inorg. Chim. Acta 1989, 162, 217. 
(44) Levich, V. G. Physicochemical Hydrodynamics, Prentice-Hall, NJ,  
  1963. 
 
(45) Adams, R. N. Electrochemistry at Solid Electrodes, Marcel Dekker,  
  NY, 1969, p. 83. 
 
(46) Liss, I. B.; Schlemper, E. O. Inorg. Chem. 1975, 14, 3035. 
(47) Hatfield, W. E.; Barnes, J. A.; Jeter, D. Y.; Wyman, R.; Jones, E. R.  
  J. Am. Chem. Soc. 1970, 92, 4982. 
 
(48) Carlisle, G. O.; Hatfield, W. E. Inorg. Nucl. Chem. Lett. 1970, 6,  
  633.  
 
(49) Villa, J. F.; Hatfield, W. E.; Chem. Phys. Lett. 1971, 9, 568. 
(50) Christou, G.; Perlepes, S. P.; Libby, E.; Folting, K.; Huffman, J. C.;  
  Webb, R. J.; Hendrickson, D. N. Inorg. Chem. 1990, 29, 3657. 
 
(51) Spodine, E.; Atria, A. M.; Manzur, J.; García, A. M.; Garland, M.  
T.; Hocquet, A.; Sanhueza, E.; Baggio, R.; Peña, O.; Saillard, J. –Y. 
J. Chem. Soc., Dalton Trans. 1997, 3683.   
 
(52) Nanda, K. K.; Addison, A. W.; Paterson, N.; Sinn, E.; Thompson, L.  
  K.; Sakaguchi, U. Inorg. Chem. 1998, 37, 1028. 
 
(53) Black, D.; Blake, A. J.; Dancey, K. P.; Harrison, A.; McPartlin, M.;  
Parsons, S.; Tasker, P. A.; Whittaker, G.; Schröder, M. J. Chem. 
Soc, Dalton Trans. 1998, 3953. 
 
(54) Addison, A. W.; Landee, C. P.; Willett, R. D.; Wicholas, M.   






    (55)  Rodriguez, M.; Llobet, A.; Corbella, M.; Martell, A. E.;  
    Reibenspies, J. Inorg. Chem. 1999, 38, 2328. 
 77 





 Polynuclear transition metal complexes occur widely in nature1a-c and 
their study spans such fields as biology, magnetic materials2,3 and 
photophysics4.  Studies have been carried out extensively on trinuclear 
transition metal carboxylate complexes5.  This class of complexes was first 
discovered in 1944 by Chrétien and Lous, with the synthesis of 
[Fe3O(O2CCH3)6(H2O)3] · 2H2O6.  The oxime functional group, which is 
similar to the carboxylate group in that it contains one hydrogen-bond donor 
and two H-bond acceptor atoms, has been utilized to a lesser extent in the 
design and synthesis of magnetic materials.  A recent survey of the 
Cambridge Structural Database found only 370 entries containing the oxime 
moiety7.  It has been known for more than twenty years that oximato groups 
(=N-O-) can bridge metal ions through their imino nitrogen and deprotonated 
oxygen atoms.  Many types of homo-and hetro-polynuclear complexes have 
consequently been obtained with oximato-containing ligands8-12. Variable 
temperature magnetic measurements of these reveal a large range of 
magnetic behaviors, varying from weak antiferromagnetism to strong 
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ferromagnetism due to the variability in the coordination modes of 
oxime/oximate and the nature of the metal ions which are coupled. 
In this chapter the synthesis, structure, and electronic properties of a large 
series of thioether-oxime trinuclear nickel(II) complexes will be discussed. 
 
4.2. Experimental Section 
 
 Physical Measurements 
 
 Reagents (Aldrich, Fluka, GFS) were generally used as received. 
Acetonitrile for electrochemistry was distilled off P4O10 under N2.  
Electronic spectra were recorded on a Perkin-Elmer Lambda-3 
spectrophotometer (solution) or on a Perkin-Elmer 330 spectrophotometer, 
equipped with an integrating sphere for diffuse reflectance.  Electrochemical 
measurements were carried out with a Bioanalytical Systems (BAS-100A) 
electrochemical analyzer.  The three-electrode assembly comprised the 
working electrode, an Ag+ (0.01M, 0.1M NEt4ClO4, MeCN)/Ag reference 
electrode, and a Pt-mesh auxiliary electrode.  The working electrode was a  
Pt wire for voltammetry and a Pt disk for rotating electrode polarography 
(for which E1/2 is defined as the potential at which i=iL/2
13).  The supporting 
electrolyte was 0.1-0.2M NEt4ClO4, and solutions were ca. 1mM in 
complex.  Variable temperature magnetic data (2-300 K) were obtained with 
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a Quantum Design MPMS5S SQUID magnetometer operating at 0.1-0.5 T.  
Calibrations were carried out with a palladium standard, and temperature 
errors were determined with [H2TMEN][CuCl4]
14.  Susceptibility data were 
corrected for diamagnetism using Pascal's constants.  Data were analyzed 
using SAS Insitute's JMP 3.1 or MathSoft's MathCad Plus on a Macintosh 
IMac.  Elemental microanalyses were performed by Robertson-Microlit 
Laboratories (Madison, NJ) or by the University of Pennsylvania 
Microanalytical Laboratory.  Mass spectra were obtained on a VG-ZABHF 
high resolution double focusing instrument using 2-nitrobenzyl alcohol as 




 The syntheses of the ligands utilized in this chapter have all been 
described in chapter 2:  4,8-dithia-3,9-dimethyl-unidecane-2,10-dione 
dioxime (DtdoH2), 4,8-dithiaunidecane-2,10-dione dioxime (DtudH2), 3,3’-
(1,3-propanedithia)bis-(3-methyl-2-butanone oxime) (MedtdoH2), 4,7-
dithia-3,8-dimethyl-nonane-2,9-dione dioxime (DmtdoH2), 4,7-dithiadecane-





diphenyl-1,9-dione Dioxime (PhdtudH2). 
The methods for preparation of the Ni(II) complexes were all similar.  An 
example of the synthetic procedure is given below, whereas for each 
complex any changes will be given along with physical data. 
 
[Ni3(DtoxH)2(Dtox)](ClO4)2· CH3CN:  0.155g (0.423 mmol) of 
Ni(ClO4)2· 6H2O was added to a  solution of 0.100 g (0.423 mmol) 4,7-
dithiadecane-2,9-dione dioxime (DtoxH2) in 10 mL of ethanol (95%).  The 
solution was heated until all dissolved.  A solution of 0.077g (0.564 mmol) 
NaOAc· 3H2O in 5 mL of ethanol was added resulting in a dark-blue solution 
which precipitated a grey-blue solid after 10 min.  Recrystallization from 
CH3CN by vapor-phase diffusion of ether lead to formation of purple 
crystals of [Ni3(DtoxH)2(Dtox)](ClO4)2· CH3CN, which were filtered off and 
dried in air.  Yield, 0.16g (35%).  Analytical data: Calc % for 
C24H44Cl2N6Ni3O14S6· CH3CN: C 27.9, H 4.24, N 8.78, found: C 27.8, H 
4.50, N 8.65. FAB-MS: (M+ClO4)
+: 980, (M)+: 878. 
 
[Ni3(DtudH)2(Dtud)](ClO4)2· 1.5 CH3OH: For 7.6 mmol (1.89g) of ligand: 
Yield, 0.94g (32 %) of a gray-blue powder.  Analytical data: Calc % for 
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C27H50Cl2N6Ni3O14S6· 1.5 CH3OH: C 29.3, H 4.82, N 7.18, found: C 29.6, H 
4.85, N 7.34. FAB-MS: (M+ClO4)
+: 1023, (M)+: 924. 
 
[Ni3(DmtdoH)2(Dmtdo)](ClO4)2: For 1.0 mmol (0.264g) of ligand: Yield, 
0.22g (39 %) of a gray-purple powder.  Analytical data: Calc % for 
C30H59Cl2N6Ni3O14S6: C 30.9, H 5.09, N 7.20, found: C 30.7, H 4.81, N 
6.98. FAB-MS: (M+ClO4)
+: 1068, (M)+: 969. 
 
[Ni3(DtdoH)2(Dtdo)](ClO4) 2· H2O: For 2.0 mmol (0.556g) of ligand,  
0.053g (1.33 mmol) NaOH was used as base: Yield, 0.62g (78 %) of a gray-
blue powder.  Analytical data: Calc % for C33H62Cl2N6Ni3O14S6· H2O: C 
32.4, H 5.30, N 6.89, found: C 32.1, H 5.36, N 6.28. FAB-MS: (M)+: 1005.  
 
[Ni3(DtddH)2(Dtdd)](ClO4)2· 1.5CH3OH: For 2.0 mmol (0.528g) of 
DtddH2: Yield, 0.36g (45 %) of a pale blue powder.  Analytical data: Calc % 
for C30H56Cl2N6Ni3O14S6· 1.5CH3OH: C 31.2, H 5.16, N 6.93, found: C 31.4, 
H 5.12, N 7.05. [no MS observed]. 
 
[Ni3(DtcyH)2(Dtcy)](ClO4)2· 3CH3OH: For 1.0 mmol (0.328g) of DtcyH2: 
Yield, 0.19g (40 %) of a gray powder.  Analytical data: Calc % for 
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C45H68Cl2N6Ni3O14S6· 3CH3OH: C 39.7, H 5.55, N 5.79, found: C 40.1, H 
5.97, N 5.84. FAB-MS: (M+ClO4)
+: 1258, (M)+: 1158. 
 
[Ni3(BzthoxH)2(Bzthox)](ClO4)2· H2O: For 1mmol (0.284 g) of BxthoxH2: 
Yield, 0.26g (62 %) of blue-gray powder recrystallized by diffusion of 
mesitylene into a nitrobenzene solution of the complex to yield the following 
composition: [Ni3(BzthoxH)2(Bzthox)](ClO4)2· (CH3)3C6H4)· C6H5NO2].  
Analytical data: Calc % for C36H44Cl2N6Ni3O14S6· H2O: C 34.8, H 3.73, N 
6.77, found: C 34.9, H 3.75, N 6.55. FAB-MS: (M+ClO4)
+:1124, (M)+:1024. 
 
[Ni3(PhdtudH)2(Phdtud)](ClO4)2:  For 0.37 g (1 mmol) PhdtudH2 , using 
NaOH (1 mmol) as base, as pale green solid was obtained, washed with 
MeOH (2 x 15 mL) and dried in air.  Yield,  0.26g (52.1 %).  Analytical 
data: Calc % for C57H62Cl2N6Ni3O14S6: C 45.8, H 4.18, N 5.62, found: C 








































Figure 4.1. FAB-MS of [Ni3(DtoxH)2(Dtox)](ClO4)2. 
(a) [M+ClO4
-]+, (b) M+, (c) [M-C3H5NO]+, (d) [M-C5H10NSO]




 X-ray data collection 
A suitable crystal mounted on a glass fiber with epoxy cement and attached 
to a goniometer head was transferred to a Siemens P4S diffractometer with 
graphite-monochromated Mo-Ka (l = 0.7103 Å).  Cell constants and 
orientation matrices were obtained by least-squares refinement of setting 
angles of 25 randomly selected reflections.  Accurate cell constants and 
improved orientation matrices were obtained from least-squares refinement 
of setting angles of the 50 strongest reflections found in the thin shell 
between 12.0 and 13.0o in q.  The collected data sets were analyzed for 
intense high c (above 80o) reflections over a range of 2q values, which were 
scanned to provide the basis for empirical absorption corrections. 
 For [Ni3(DtoxH)2(Dtox)](ClO4)2· CH3CN a total of 8173 relections were 
collected (0 £ h £ 14, -20 £ k £ 0, -24 £ l £ 24) in the range of 2.03o to 
25.00o with 7785 being unique (Rint = 2.13%).  The empirically derived 
transmission coefficient ranged from 0.67 to 0.82. The perchlorates were 
disordered and were modeled by idealizing the fragments to tetrahedral 
geometry and then refining the O occupancies so that they summed to unity. 
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4.3. Description of the Structure of [Ni3(DtoxH)2(Dtox)](ClO4)2· CH3CN  
Crystal and structural data are given in Figure 4.2. and  Table 4.1. 
The trimer entails three dioxime ligands, from which four of the six protons 
have been removed, so that only two perchlorates are required for 
electostatic balance.  The DtoxH- moieties are folded so that in each one 
both of the oximinopropyl arms are perpendicular to the central S-C-C-S 
units.  The nickels(II) all display trans-N2, cis-O2, cis-S2 pseudo-octahedral 
coordination and form an isosceles triangular arrangement.  The triangle’s 
base has the longer dimension, with Ni(1)-Ni(3) = 3.83 Å and the other two 
Ni-Ni(2) sides 3.18 Å.  In each of the DtoxH-(1) and DtoxH-(3), one of the 
two oxime O’s (O[1a] or O[1b]) is deprotonated and links each respective 
Ni(Dtox) moiety to the other two nickels: O(1a) of Ni(1) thus bridges 
between Ni(2) and Ni(3).  Simultaneously, two oximate O’s (O[1c] and 
O[2c]) of the doubly deprotonated Dtox2- coordinate to Ni(1) and Ni(3), 
respectively, while the last two oxime-O’s of the DtoxH- moieties (O[2a], 
O[2b]) are H-bonded to these coordinated O[nc].  The coordination 
octahedral are slightly irregular, with several angles departing from right 
angles by approximately 10o, as exemplified in Figure. 4.2. By N(1b)-Ni(3)-





Figure 4.2. ORTEP Diagram of [Ni3(DtoxH)2(Dtox)]
2+ cation in 
[Ni3(DtoxH)2(Dtox)](ClO4)2· CH3CN.  Thermal ellipsoids are drawn at the 
20% probability level for clarity.  The hydrogen atoms are shown as spheres 










 Ni(1)-O(2C) 2.007(4)  Ni(1)-N(1A) 2.038(4) 
 Ni(1)-N(2A) 2.046(5)  Ni(1)-O(1B) 2.058(4) 
 Ni(1)-S(1A) 2.409(2)  Ni(1)-S(2A) 2.450(2) 
 Ni(2)-N(2C) 2.029(5)  Ni(2)-N(1C) 2.035(5) 
 Ni(2)-O(1B) 2.061(4)  Ni(2)-O(1A) 2.091(3) 
 Ni(2)-S(2C) 2.436(2)  Ni(2)-S(1C) 2.440(2) 
 Ni(3)-O(1C) 2.019(4)  Ni(3)-N(1B) 2.038(4) 
 Ni(3)-N(2B) 2.045(5)  Ni(3)-O(1A) 2.065(3) 
 Ni(3)-S(1B) 2.450(2)  Ni(3)-S(2B) 2.469(2) 
 N(2C)-O(2C) 1.369(6)  O(1A)-N(1A) 1.391(5) 
 N(1A)-C(1A) 1.276(6)  C(3A)-S(1A) 1.822(6) 
 S(1A)-C(4A) 1.799(6)  S(2A)-C(6A) 1.818(6) 
 C(7A)-N(2A) 1.270(7)  N(2A)-O(2A) 1.396(6) 
 O(1B)-N(1B) 1.394(5)  N(1B)-C(1B) 1.272(7) 
 N(1S)-C(1S) 1.114(12)  O(1A)-N(1A) 1.391(5) 
 C(3B)-S(1B) 1.805(6)  S(1B)-C(4B) 1.793(6) 
 C(5B)-S(2B) 1.807(6)  S(2B)-C(6B) 1.811(6) 
 C(7B)-N(2B) 1.261(7)  N(2B)-O(2B) 1.390(6) 
 O(1C)-N(1C) 1.360(6)  N(1C)-C(1C) 1.275(7) 
 C(3C)-S(1C) 1.824(7)  S(1C)-C(4C) 1.803(7) 
 C(5C)-S(2C) 1.821(7)  S(2C)-C(6C) 1.805(6) 
 C(7C)-N(2C) 1.277(7)   
 
Angles 
O(2C)-Ni(l)-N(lA) 94.3(2)   O(2C)-Ni(l)-N(2A) 84.0(2) 
O(2C)-Ni(l)-O(lB) 88.7(2) N(lA)-Ni(l)-O(lB) 87.2(2)  
N(2A)-Ni(l)-O(lB) 93.9(2) O(2C)-Ni(l)-S(lA) 90.70(12) 
N(lA)-Ni(l)-S(lA) 81.79(13) N(2A)-Ni(l)-S(lA)       97.00(13) 
N(lA)-Ni(l)-S(2A) 102.10(12) N(2A)-Ni(l)-S(2A) 79.48(14) 
O(1B)-Ni(l)-S(2A) 95.96(10) S(lA)-Ni(l)-S(2A) 87.72(6) 
N(2C)-Ni(2)-O(lB) 91.8(2)  N(lC)-Ni(2)-O(lB) 94.8(2) 
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N(2C)-Ni(2)-O(lA) 94.6(2)  N(lC)-Ni(2)-O(lA) 90.3(2) 
O(lB)-Ni(2)-O(lA) 82.13(14) N(2C)-Ni(2)-S(2C) 81.38(14) 
N(lC)-Ni(2)-S(2C) 91.94(13) O(lA)-Ni(2)-S(2C) 99.83(11) 
N(2C)-Ni(2)-S(lC) 94.40(14) N(lC)-Ni(2)-S(lC) 81.36(14) 
O(1B)-Ni(2)-S(lC) 91.13(11) S(2C)-Ni(2)-S(lC) 87.91(6) 
O(lC)-Ni(3)-N(lB) 94.8(2)  O(lC)-Ni(3)-N(2B) 86.4(2) 
O(lC)-Ni(3)-O(lA) 85.73(14) N(lB)-Ni(3)-O(lA) 87.8(2) 
N(2B)-Ni(3)-O(lA) 91.9(2) O(lC)-Ni(3)-S(lB) 88.32(12) 
N(lB)-Ni(3)-S(lB) 81.61(13) N(2B)-Ni(3)-S(lB) 98.78(14) 




Ni(1)-O(1B)-N(1B)-Ni(3) 69.5(1) Ni(2)-N(1C)-O(1C)-Ni(3) 43.0(1) 





at 2.47 Å, the others varying down to 2.41 Å (S[1a]), though S(1c) and S(2c) 
are both 2.44 Å from Ni(2). 
 
4.4. Electronic Spectra 
  
 Optical Spectral Data is given in Table 4.2. and examples of the spectra 
are given in Figure 4.3.  The solution spectra of the trimers all display a 
broad, intense band around 250 nm.  This band is similar to those observed 
in the trinuclear Ni(II) complexes with 3-mercaptoethylamine (MeaH) and 
2-mercaptopropylamine (MpaH), of the composition [Ni3(Mpa/Mea)4]
2+.  
For the former, with a Ni-Ni distance of 2.7 Å, observable nickel-nickel 
interaction has been proposed15.  The longer Ni-Ni distances in the thioether-
oxime nickel(II) trimers as exemplified in the crystal structure of 
[Ni3(DtoxH)2(Dtox)]
2+ and the presence of the oximate bridge, along with its 
energy and bandwidth, lead to the fact that the 250 nm absorption is a 
composite of intraligand and/or OàNi LMCT transitions16,17, rather than a 
band involving multiple Ni(II) centers.  This LMCT band obscures the 
3T1g(P)ß
3A2g transition, as is commonly the case with many Ni(II) 
coordination compounds18.  The differences between the solution and solid 
state UV-visible spectra are minor, evidencing that the trimeric structure is 
























































Figure 4.3. Electronic Spectrum of (a) [Ni3(Dtox)(DtoxH)2]
2+ and (b) 
[Ni3(Dtud)(DtudH)2]
2+ in MeCN. 
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Table 4.2. Electronic Spectral Data. 
Complex Medium l (nm) (e (M-1cm-1)) B (cm-1)a 10Dq (cm-1) 
[Ni3(DtoxH)2(Dtox)](ClO4)2 solid 875, 565, 370(sh) 751 11400 
 CH3CN 883 (94), 560 (80) 826 11300 
 CH3NO2 885 (96), 556 (79) 874 11300 
     
     
[Ni3(DtudH)2(Dtud)](ClO4)2 solid 905, 560, 376(sh) 947 11100 
 CH3CN 903 (82), 570 (62) 831 11100 
 CH3NO2 910 (103), 550(99) 
b 10100 
     
     
[Ni3(DmtdoH)2(Dmtdo)](ClO4)2 solid 885, 570, 370(sh) 753 11300 
 CH3CN insoluble -  
 CH3NO2 insoluble -  
     
     
[Ni3(DtdoH)2(Dtdo)](ClO4)2 solid 910, 580, 370(sh) 778 11100 
 CH3CN 895 (119), 509(sh) (300), 408(sh) (843) 
b 11200 
 CH3NO2 906 (63), 635(sh) (57), 492(sh) (300) 
b 11000 
     
     
[Ni3(DtddH)2(Dtdd)](ClO4)2 solid 980, 610, 360(sh) 839 10200 
 CH3CN insoluble -  
 CH3NO2 insoluble -  
     
     
[Ni3(DtcyH)2(Dtcy)](ClO4)2 solid 930, 573, 350(sh) 951 10800 
 CH3CN insoluble -  
 CH3NO2 insoluble -  
     
[Ni3(BzthoxH)2(Bzthox)](ClO4)2 solid 862, 550 795 11600 
 CH3CN 871 (461), 553 (109) 831 11500 
 CH3NO2 838 (175), 548 (158) 732 11900 
aThe Racah B parameter was calculated from (2n12+n22-3n1n2)/(15n2-27n1)18   
bgave non-realistic Racah B-values.     
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oxygen-bridging nickel(II) systems are so solvent resistant: [Ni3(2-
mercaptopropionate)4]
2- apparently falls into a dissociation equilibrium19.  
The 10Dq values for the trimers all range between 10,200 and 11900 cm-1.  
10Dq values of this magnitude are commonly observed in Ni(II) complexes 
with mixed N/S/O coordination2-22.   The Racah B values all range between 
733 and 951 cm-1.  The rather high B values are consistent with a sulfur 
containing coordination sphere.  In fact, it has been suggested that higher 
values of B (lower values of b  (where b=B/1082cm-1 for nickel(II) 1082 
cm-1 being the free Ni2+ value.)) are associated with donor sets that stabilize 
lower oxidation states, as significant mixing of ligand and metal orbitals 
implies that any added electron charge could be more effectively 
delocalized23.  No stable reduced nickel species were observed in the 




 Each Ni(II) in the trinuclear complexes described here is magnetically 
coupled to the others, as evidenced from variable temperature magnetic 
measurements.  As is indicated by the crystallographic results (vide supra) 
the nickel(II) ions are arranged in a isosceles triangular topology.  Therefore, 
the models discussed here will represent such a topology. Magnetic 
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exchange in materials has been an area of interest to physicists for some 
time24-28, although this interest was mainly based on lattice (intermolecular) 
ferromagnetism and antiferromagnetism29-31.  Only in the 1960’s did 
chemists begin to embrace the field32,33.  Much of the foundational work on 
magnetic materials was laid by such giants of Physics as Heisenberg, Fermi, 
and Dirac24-26.  In fact the usual method employed when talking of magnetic 








  (1) 
where Jij is the exchange between the i
th and jth atoms, with spins Si and Sj.  
Under certain conditions the eigenvalues of (1) can obtained using the vector 
model.   
)1()1()1(2 +-+-+=× jjiiijijji SSSSSSSS  (2) 
 where Sij = Si + Sj.     
 
Kambe’s Method 
  Kenjiro Kambe introduced magnetic exchange to molecular species, 
when he first applied the HDvV methods to discrete trinuclear complexes (Fe 
and Cr basic acetates) in the early 1950’s.  This treatment has served as the 
model for almost all subsequent discussion of the magnetic properties of 
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condensed polynuclear systems34.  Substitution of the vector model (eq. 2) 
into HDvV exchange equation (eq. 1) for the case where n =3 and two of the 
Jij are equal (J12 = J23 = J = (J13/a) leads to the following eigenvalue 
equation.   
)]1()21()1()1()1([)( ** +--+--+-= SSSSSSJSE TTT aa  (3) 
 where S1 = S2 = S3 = S, S* = S1+S3, ST = S1+S2+S3.  The allowed values 
of S* and ST are given by  
S* = S1+S3, S1+S3-1, …|S1-S3| = 2S, 2S=1, …0   (4) 
 ST = S*+S, S*+S-1, …|S*-S|  
A value of E(ST) occurs for each allowed value of ST.   
(eq 3)  can be rewritten as 
 E(ST) = -J13ST(ST+1)+S12(S12+1)[J13-J12]+S23(S23+1)[J13-









Ja (J or J12) 
Jb (J’ or J13)
Ja (J or J12) 
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For an isosceles triangle of ions, the eigenvalue equation is simplified 
through symmetry considerations to 
 E(ST) = -JST(ST+1)+S23(S23+1)[J-J’]+4J’+2J    (6) 
 Where S1 = S2 = S3 = 1 
Resulting in the following allowed values of (S23; ST) : (2;3,2,1), (1;2,1,0) 
and (0;1).  Where S23 = S*.  The magnetic susceptibility of the system (per 
mole of complex) can then be calculated by assuming a Boltzmann 































c   (7) 
Using (eq. 6), the following table of energies can be obtained. 
ST; S23 E(ST, S23) 
3; 2 -4J-2J’ 
2; 2 +2J-2J’ 
1; 2 +6J-2J’ 
2; 1 -2J+2J’ 
1; 1 +2J+2J’ 
0; 1 +4J+2J’ 
1; 1 +4J’ 
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From each energy term an energy level diagram can be constructed if the 
values of J and J’ are known (vide infra).  Spin-correlation plots were 
constructed by varying the values of J and J’ and plotting the corresponding 
energy changes (see Figures 4.4 to 4.6.). 
By plugging each of the energy terms (from the table above) into the 


























































Kambe’s approach was used by Ginsberg et al. 35 to describe the magnetic 
properties of [Ni3(acac)6].  The equation, derived as mentioned above is 
given in slightly a different mathematical form (common terms combined).  








































































Figure 4.5. Spin-Correlation Diagram for variation in J’,  

































Figure 4.6. Spin-Correlation Diagram for variation in the ratio J/J’,  














































The same isosceles magnetic treatment has subsequently been applied in the 
literature explicitly to geometrically triangular S =1 ion arrangements, 
including triangular S =1 vanadium (III)36 as well as other trinickel(II) 
systems.  Recent published work on trinickel(II)37,38 includes a term (zJ’) [as 
D is often considerably greater than zJ’ it seems not entirely appropriate to 
include only the latter with these existing models39.  For intertrimer 
exchange, used a different model, and relates to an exchange Hamiltonian 
differing from that of the prior work with respect to the definition of J. 
)ˆˆ()]ˆˆ()ˆˆ[( 1331322112 SSJSSSSJH ×-×+×-=  
The molar susceptibility equations given by Escuer et Al.37 are incorrect, the 














































The zero-field splitting in the nickel(II) ions is not taken into account in any 
published S = 1 models (a nontrivial task for oligonuclear systems40).  
Although the Kambe approach was used to derive an isosceles triangular 
model for S=1 centers which includes ZFS, its incorporation did not 
significantly enhance the fit (see Appendix A for derivation of model).  The 
magnetic data for all other trimers were fit using the Kambe/Ginsberg35 and 
Escuer37 models.  The coupling has been estimated in the trimeric unit in 
relationship to the corresponding molar susceptibility of the of the trimer as 
given by the models mentioned earlier.  The decrease in cmT at lower 
temperature (Figure 4.7.) relative to the corresponding simple paramagnetic 
value (3.0 for g =2.00 for a trinickel(II) molecule) is clearly indicative of 
dominant antiferromagnetic interactions within the trimer.  Indeed, fitting of 











     
[Ni3(DtoxH)2(Dtox)](ClO4)2· CH3CN 2.166(6) -28.8(6) -15(1) Escuer et al.
a 
 2.165(4) -14.4(6) -7.6(1) Ginsberg et al.b 
     
[Ni3(DtudH)2(Dtud)](ClO4)2· CH3OH 2.29(1) -23.0(8) -11.8(4) Escuer et al.
a 
 2.28(1) -12.3(3) -6.3(3) Ginsberg et al.b 
     
[Ni3(BzthoxH)2(Bzthox)](ClO4)2· H2O 2.13(1) -11.6(3) -4.6(3) Escuer et al.
a 
 2.128(7) -6.3(1) -2.3(2) Ginsberg et al.b 
     
[Ni3(DtddH)2(Dtdd)](ClO4)2· CH3OH 2.64(1) -38.8(8) -20.2(4) Escuer et al.
a 
 2.64(1) -26.0(3) -13.4(3) Ginsberg et al.b 
     
[Ni3(DmtdoH)2(Dmtdo)](ClO4)2 2.15(1) -18.7(6) -8.2(4) Escuer et al.
a 
 2.12(1) -10.1(4) -2.5(6) Ginsberg et al.b 
     
[Ni3(DtdoH)2(Dtdo)](ClO4)2
d e e e Escuer et al.a 
 2.250(5) -9.0(5) -8.9(3) Ginsberg et al.b 
     
[Ni3(DtcyH)2(Dtcy)](ClO4)2· 3CH3OH 2.06(2) -20.5(6) 2.4(4) Escuer et al.
a 
 2.06(2) -10.5(6) 2.6(2) Ginsberg et al.b 
a model from Escuer et Al.37         
b model from Ginsberg et Al.35     
c Parentheses contain estimated standard deviation in the least significant digit. 
d Parameters obtained by fitting high temperature data only.  








































































































































































































































































(eq. 14 and 16) results in coupling constants which generally correspond to 
weakly antiferromagnetic interactions (Table 4.3.).  All three individual 
interactions being antiferromagnetic in nature is a situation having precedent 
in other S = 1 ion trimers36.  The attendant g estimate (2.24 on average) 
matches expectation for S = 1 Ni(II)41.  The coupling constants (Ja, Jb) 
obtained from equation 16 are essentially double that obtained from equation 
14, mainly due to the appearance of a 2 in the Hamiltonian of 
Kambe/Ginsberg model35.  The moderate couplings are consistent with their 
mediation by the two types of oximate bridges.  First, Ni(2) is linked directly 
to each Ni(1) and Ni(3) by a single-atom oximate-O bridge: bridge angles 
larger than 90o are consistent with Ni-Ni coupling being antiferromagnetic39.  
Second, the four other bridges that link Ni(1) to Ni(2) and Ni(3) and 
additionally Ni(3) to Ni(2) and Ni(1) are two-atom N-O linkages with 
smaller contribution to the overall coupling expected, as is observed for the 
Ni(2)-Ni(3) value (Jb, J’, J13).  As is evidenced from Figures 4.4, 4.5 and 4.6, 
the multiplicity of the ground state is a function of the values of the two 
exchange integrals.  The (0,1) state only remains the ground state when the 
following criteria are true: when J/J’ =2, J<-14, and J’<-7.  Since the values 
of the exchange integrals for the trimers are close to the cross-over point 
between the (0,1) and (1,2) states it should be no surprise that some J-values 
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obtained from fitting the variable temperature magnetism are thus consistent 
with ground states of multiplicities higher than S=0.  This can be better 
visualized by the spin ladder (magnetic energy level) diagrams in Figure 4.8.  
The variable temperature magnetic susceptibility data for 
[Ni3(DtdoH)2(Dtdo)](ClO4)2 was anomalous when compared with that of the 
other trimers, as is evidenced by Figure 4.9.  Attempts to fit this data with 
the ZFS-Kambe trimeric model (Appendix A.) failed to minimize to a 
solution.  Further magnetic measurements were performed in attempt to gain 
further insight into exactly what was occurring.  The low temperature 
(between 4 and 50 K) susceptibility was measured as a function of magnetic 
field strength (between 0.002 and 2 Tesla) (Figure 4.10.), as well as a 
measurement of the field dependence of the magnetization (Figure 4.11.).  
Together this additional data showed that the cmT goes to zero at high field 
strengths. As the temperature is lowered cmT gradually decreases to 2.0 B.M. 
at 28 K, it then increases very abruptly, and reaches a value of 2.5 B.M. at 9 
K.  The rapid drop below 9K is due to saturation effects.  Such a curve 
suggests that a long-range magnetic ordering occurs in the material.  
Molecular based magnets have recently gained interest42-46, where the 
general impetus is for the development of molecular-based memory 





















































( 0 . 1 T )
( 0 . 0 0 2 T )
( 2 . 0 T )
 
Figure 4.10. cmT vs. T plots (per mole trimer) for 





Figure 4.11. Field dependence of the magnetization and the hysteresis loop 
at 2K for [Ni3(DtdoH)2(Dtdo)](ClO4)2. 
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without a crystal structure and further magnetic measurements (field-cooled 
and zero-field cooled magnetization.).  What is certain is that this molecular-
based magnetic material exhibits weak hysteresis at 2Kand has a coercive 
field (the field necessary to suppress the remnant magnetization)47,43 of 54 
Oe (104 Oe (Gauss)= 1 Tesla).  The larger the coercive field the “harder” the 
magnet45. The remnant magnetization (at zero-field) is 0.09 Nb.  It should be 
noted that magnetic materials generally exhibit remnance and hysteresis.  
When the magnetic field is switched off below the Tc, the field-induced 
magnetization does not totally disappear, which is in contact with what 
occurs in the case of paramagnetic and antiferromagnetic materials48.  Since 
remnant magnetization is observed in zero-field at 2 K, it is safe to say that 
Tc >2 K.  Remnant magnetization and coercive field define the hysteresis 
loop and confer a “memory” effect to the material48. 
4.6. Electrochemistry 
 
 In CH3CN, the trimeric complexes are electroactive in the potential 
range –1 to +1 V vs. the nonaqueous Ag+/Ag reference electrode (Table 4.4.)  
Cyclic voltammetry (Figure 4.12.) reveals a reversible oxidation around (E1/2 
between +0.41 and +0.60 V) consistent with a n = 1 process and rather low 
D values49 (Dh » 1.03 to 3 x 10-7 g cm s-2) are consistent with these fairly 
large-diameter trinickel molecules.  Alternative assignments such as n = 2 do 
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not lead to credible values for Dh.  The potential for Ni3+/2+ in the trimeric 
[Ni3(LH)2(L)]
2+  complexes are similar to those found for the nickel(II) 
complexes of Dadtdo and Dastps50 (+0.33 V, +0.37 V vs. SCE, respectively 
in water).  The Ni(I) forms are unstable: there is a quite irreversible 
reduction with Ep,c » -0.3 V (v = 100 mVsec-1) having an anodic stripping 
peak at around  –0.070 V.  No dependence of E1/2 on the concentration 
between 2 and 5 mM was found, indicating that no dissociation of the 
compound or its oxidation product occurs in this concentration range.   
 Certain features are important for the electrochemistry of Ni(II) 
complexes with S/N coordination spheres.  Although these generalities can 
be made, they are not as analytical as in the cases of Cu2+/+ or Ru3+/2+ 51,52. 
(1) Core charge is the dominant variable with respect to stabilization of   
Ni(III) relative to Ni(II).  For example, with a core charge of –2, a 
complex such as [Ni(Pdc)2]
2- has an E1/2 of around –100 mV
53.  This steps 
upward by about 350-400 mV for each unit increment in charge, reaching 
around +1.4 V for a core charge of +2, as in [Ni(9-ane-S3)2]
2- 54.  Core 
charge appears a less critical consideration for Ni(I) generation from 
Ni(II) than for Ni(III) generation, and also less so than in Cu(II)/Cu(I) 







Table 4.4. Electrochemical Data. 
 E½ (volts)
a, b    
complex NiII-NiIII 107 Dhe    
[Ni3(DtoxH)2(Dtox)](ClO4)2· CH3CN +0.41 3.10   
[Ni3(DtudH)2(Dtud)](ClO4)2· CH3OH +0.56 1.03   
[Ni3(DmtdoH)2(Dmtdo)](ClO4)2 +0.42 1.02   
[Ni3(DtdoH)2(Dtdo)](ClO4)2
d - -   
[Ni3(DtddH)2(Dtdd)](ClO4)2· CH3OH
c - -   
[Ni3(DtcyH)2(Dtcy)](ClO4)2· 2CH3OH 
c - -   
[Ni3(BzthoxH)2(Bzthox)](ClO4)2· H2O +0.60 2.84   
          
a E½ vs. Ag
+ (0.01 M, 0.1M NEt4ClO4, CH3CN)/Ag with Pt electrode.  
This electrode is at ca. +0.545V vs. the SHE. 
b 0.1M NEt4ClO4 supporting electrolyte     
c insoluble in common electrochemical solvents (DMF, CH3CN, CH3OH)  
d only slightly soluble in acetonitrile, >0.25mM were all that were attainable,  
no electrochemistry was observed up to +2 V in this dilute solution.   






Figure 4.12. Cyclic voltammogram of [Ni3(DtudH)2(Dtud)](ClO4)2· CH3OH 





(2) In regard to stabilizing Ni(I) relative to Ni(II), the introduction of S or 
P-donors into the coordination sphere is much more influential than of 
N- or O- donors.  [Ni(Ph2PCH2CH2SEt)2]
2- serves as a good example 
of an unusually positive Ni2+/+ E1/2
56.  This can be rationalized in terms 
of the HSAB (Hard-Soft Acid-Base) principle57, with nickel(I) being 
markedly “soft”.  Conversely, S donors for example are ineffective at 
stabilizing Ni(III) relative to Ni(II). 
(3) Again relating back to copper chemistry, aliphatic N-donors tend to 
stabilize the higher and aromatic N-donors the lower oxidation states, 
though this is thermodynamically a lesser factor than (1) and (2) 
above.  Thus, aliphatic-N bound to nickel(II) lowers the potential for 
generation of nickel(III), while unsaturated-N may be employed to 
stabilize Ni(I). 
(4) The coordination number of the Ni(II) reactant seems to have little 
bearing on the ease or difficulty of generating the corresponding Ni(I) 
species.  However, most known Ni(III) complexes appear to be low-
spin octahedral58-60 so that coordination number of the precursory 
Ni(II) molecule acquires relevance.  Indeed, the majority of the 
reported potentials for Ni(II) à Ni(III) involve hexacoordinate Ni(II).   
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 The irreversible reduction of the [Ni3(LH)2(L)]
2+ trimers stands in 
contrast to that of [Ni(DtdoH)]+ and [Ni(MedtdoH)]+, which occurs at 
reversibly at  about –1.17 V 61 (and Chapter 5). The former complex lacks 
the delocalization associated with square-planar nickel(II), which is related 
to criterion (2) above.  On the other hand, the oxidation of each trimeric 
[Ni3(LH)2(L)]
2+ complex is reversible, which was not observed in the case of 
[Ni(DtdoH)]+ or [Ni(MedtdoH)]+.  As noted above, stabilization of Ni(III) in 
[Ni3(LH)2(L)]
2+ is effected partly by the greater anionicity of the donor 
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Chapter 5. Mononuclear Nickel(II) Thioether-oxime 




 Metal-directed self-assembly processes like the formation of 
catenanes and helicates by spontaneous assembly of metal ions and oligomer 
forming ligands have attracted much interest1, 2.  Of further interest are metal 
complexes capable of interconverting between monomers and self-
assembled oligomers by inputting external information (by protons, 
electrons, or photons for example)3.  These signaled self-assembling systems 
could potentially lead to new functional materials with a switching ability, 
and in more specific cases the ability to sequester/release ions or guest 
molecules according to the delivery of the external information.  Matsumato 
et al. state that if the following criteria regarding the monomer building 
block are met the possibility exists for switchable self-assembly.  The 
criteria are: (a) a potential donor at a suitable external site of the chelating 
ligand; (b) potential acceptor ability at a vacant or substitutable metal 
coordination site; (c) building process from monomeric into oligomeric 
species and reverse dismantling process both triggered by appropriate 
external signals 4,5.  Self-assembling polynuclear complexes have largely 
been studied with ligands which contain imidazolate, alkoxide, thiolate and 
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carboxylate functionalities 6-9.  To a much lesser extent the oxime 
functionality has been utilized in the synthesis of self-assembling  
polynuclear complexes 10-13.  Self-assembly of polynuclear complexes of 
oxime-containing ligands is a very promising area of research, namely the 
oxime moiety has not only the ability to coordinate via the imino-nitrogen as 
well as the oximate-oxygen; but can also form H-bonds through the 
hydroxyl-proton in protonated-forms of the ligand.  There is much interest in 
complexes which self-assemble not only by forming covalent bonds but also 
through H-bond formation 14.  
 In this chapter, a series of monomeric nickel(II) thioether-oxime 
complexes have been synthesized.   The monomer-trimer proton-dependent 
self-assembly of thioether-oxime nickel(II) complexes will be discussed in 
light of synthetic, structural and spectral results for the monomeric nickel(II) 
complexes.  The monomeric complexes range in structure from high-spin 
octahedral to low-spin square planar.  Electrochemistry reveals that the 
complexes support only Ni(II) and Ni(I).   
5.2. Experimental Section 
 Reagents (Aldrich, Fluka, GFS) were generally used as received. 
Acetonitrile for electrochemistry was distilled off P4O10 under N2.  Proton 
NMR spectra were obtained on a Bruker AM250 spectrometer using CDCl3 
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as solvent with TMS as internal standard.  Electronic spectra were recorded 
on a Perkin-Elmer Lambda-3 spectrophotometer (solution) or on a Perkin-
Elmer 330 spectrophotometer, equipped with an integrating sphere for 
diffuse reflectance.   The optical titration was carried out by preparing 
sixteen solutions each containing equimolar amounts of Ni(ClO4)2· 6H2O, 
and DtudH2 and varying (0 to 1.5 equivalents) in N, N-
diisopropylethylamine (Hüing’s Base) dissolved in MeNO2.  The visible 
spectra were obtained at 22oC from 400 to 1100 nm.  Electrochemical 
measurements were carried out with a Bioanalytical Systems (BAS-100A) 
electrochemical analyzer.  The three-electrode assembly comprised the 
working electrode, an Ag+ (0.01M, 0.1M NEt4ClO4, MeCN)/Ag reference 
electrode, and a Pt-mesh auxiliary electrode.  The working electrode was a  
Pt wire for voltammetry and a Pt disk for rotating electrode polarography 
(for which E1/2 is defined as the potential at which i=iL/2 
15.  The supporting 
electrolyte was 0.1-0.2M NEt4ClO4 or NBu4PF6, and solutions were ca. 
1mM in complex.  Elemental microanalyses were performed by Robertson-
Microlit Laboratories (Madison, NJ) or by the University of Pennsylvania 
Microanalytical Laboratory.  Mass spectra were obtained on a VG-ZABHF 
high resolution double focusing instrument using 2-nitrobenzyl alcohol as 
the matrix for FAB mode (M is the complex cation). 
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Syntheses 
 The synthesis of the ligands utilized here have been described in 
chapter 2:  4,8-dithiaunidecane-2,10-dione dioxime (DtudH2), 4,7-
dithiadecane-2,9-dione dioxime (DtoxH2), 4,7-dithia-3,8-dimethyl-nonane-
2,9-dione dioxime (DmtdoH2) and 3,3’-(1,3-propanedithia)bis-(3-methyl-2-
butanone oxime) (MedtdoH2).  [Ni(DtdoH)]ClO4 was synthesized according 
to literature procedures23. 
 
CAUTION: Although the complexes reported do not appear to be 
mechanically sensitive, perchlorates should be treated with due caution. 
 
[Ni(DtudH2)(H2O)](ClO4)2: 0.71g (2.8 mmol) DtudH2 was dissolved in 
15mL of CH3NO2, 1.02g (2.8 mmol) Ni(ClO4)2· 6H2O was added with 
stirring to give a dark red-purple solution.  Diethyl ether vapor diffusion into 
the nitromethane solution yielded purple-blue crystals after 24 hrs.  The 
crystals, which effloresce on standing, were collected and washed twice with 
nitromethane and dried in air.  Yield, 0.42 g (28.6 %).  Analytical data: Calc 






[Ni(DtoxH2)(H2O)](ClO4)2: Prepared according to the method used for the 
synthesis of [Ni(DtudH2)(H2O)](ClO4)2.  For 1 mmol (0.24g) DtoxH2: Yield, 
0.23g (45.0 %). Analytical data: Calc % for C8H17Cl2N2NiO11S2: C 18.8, H 





[Ni(DtudH2)(PhCO2)2]: 0.25 g (1mmol) DtudH2 was dissolved in CH3OH 
(15 mL) followed by the addition of 0.366 g (1mmol) Ni(ClO4)2· 6H2O with 
stirring.  Upon the addition of 0.144 g (1mmol) sodium benzoate a pale blue 
precipitate formed, the mixture was allowed to stir for 5 min. after which the 
solid was collected via vacuum filtration and washed with CH3OH (2 x 10 
mL) and dried in air.  Recrystallized from hot 4:1 CH3CN/CH3OH. Yield, 
0.26 g (47.2 %) of pale blue rhombs.  Analytical data: Calc % for 




[Ni(DtudH2)(HOPhCO2)2]: The procedure was followed as above.  For 1 
mmol (0.25 g) DtudH2:  Recrystallized from hot 4:1 CH3CN/CH3OH.  Yield, 
0.33 g (56.7 %) pale blue rhombs.  Analytical data: Calc % for 
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[Ni(MedtdoH)]ClO4: MedtdoH2 (3 mmol, 0.918 g) was dissolved in 
methanol (25 mL) by heating (steam bath).  To the methanolic solution of 
the ligand was added Ni(ClO4)2 · 6 H2O (3 mmol, 1.1g) followed by sodium 
acetate (3 mmol, 0.246 g) to give a bright orange-red solution.  The solution 
quickly precipitated a large amount of orange solid.  The solid was collected 
via vacuum filtration and washed with methanol (2 x 10 mL).  The solid was 
recrystallized from hot 3:1 MeOH/MeCN to yield 0.91g (65 %) of red-
orange needles.  Analytical data: Calc % for C13H25N2NiO6S2Cl: C 33.7, H 
5.43, N 6.04, found: C 33.8, H 5.30, N 5.78. FAB-MS: (M)+:363, (M-
C5H9NO)
+ : 264. 
Note : [Ni(MedtdoH)]ClO4 may be synthesized in comparable yield (63.6%) 
by replacing the sodium acetate with aqueous sodium hydroxide. 
 
 X-ray data collection 
X-ray data for [Ni(DtoxH2)(H2O)](ClO4)2 was collected on a Siemans P4S 
diffractometer while, for [Ni(DtudH2)(HOPhCO2)2] and [Ni(MedtdoH)]ClO4 
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the X-ray data was collected on a Bruker Smart CCD diffractometer and 
refined according to published procedures16.   
 For [Ni(DtoxH2)(H2O)](ClO4)2 a total of 4553 reflections were 
collected (0 £ h £ 16, 0 £ k £ 11, -21 £ l £ 21) in the range of 2.50 to 27.50o, 
with 4363 being unique (Rint =2.14%). 
 For [Ni(DtudH2)(HOPhCO2)2] a total of 10150 reflections were 
collected (-15£ h £16, -16 £ k £15, -10£ l £11) in the range of  2.34 to 
27.84o, with 3194 being unique (Rint =3.50%).   
 For [Ni(MedtdoH)]ClO4 a total of 10524 reflections were collected (-5£ 
h £8, -16 £ k £18, -28£ l £18) in the range of 1.78 to 28.29o, with 4539 
being unique (Rint =2.57%).  SHELXA (within the SHELXTL package) 
being used to provide the empicical corrections17.   
The structures were solved by direct methods and refined by full least-
squares methods based on F2 to R values18.  Hydrogens were included in 
structure factor calculations in calculated positions and refined using a riding 
model.  Thermal ellipsoids are displayed at the 20% probability level for 







Figure 5.1. ORTEP diagram of [Ni(DtoxH2)(H2O)](ClO4)2. 
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Ni-O(1A)  2.061(2) O(1A)-N(1A) 1.388(4) 
Ni-O(1B)  2.061(2) O(1)-C(7) 1.265(4) 
Ni-N(1A)  2.073(3)  O(2)-C(7) 1.235(4) 
Ni-N(1B)  2.073(3)  O(2)-C(7)  1.235(4) 
Ni-S(1A)   2.4279(11)  O(3)-C(2)  1.311(6) 
Ni-S(1B)  2.4279(11)  N-C(1A)  1.274(5) 
S-C(3A)  1.786(4)  
S-C(4A)  1.884(7) 
Bond Angles 
O(1B)-Ni-O(1A) 87.72(15) O(1)-Ni-S(1B)  177.49(8) 
O(1B)-Ni-N(1B) 83.97(11)  N(1B)-Ni-S(1B)  79.39(8) 
O(1A)-Ni-N(1B) 99.53(10) N(1A)-Ni-S(1B)  97.24(9) 
O(1B)-Ni-N(1A) 99.53(10)  O(1B)-Ni-S(1A)  177.49(8) 
O(1A)-Ni-N(1A) 83.97(11)  O(1A)-Ni-S(1A)  89.91(8) 
N(1B)-Ni-N(1A) 175.18(16)  N(1B)-Ni-S(1A)  97.24(9) 
O(1B)-Ni-S(1B) 89.91(8) N(1A)-Ni-S(1A)  79.3 
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5.3. Description of Structures 
 Structure of [Ni(DtoxH2)(H2O)](ClO4)2.  The ORTEP is given in 
Figure 5.1. and the bond lengths and angles are given in Table 5.1.  The 
disposition of the ligands around the nickel(II) is quite different from that 
which occurs in the trinuclear thioether oximes.  The complex has a 
pseudoctahedral geometry, with the central Ni(II) surrounded by a N2S2O2 
environment.  The two thioether sulfur donors connected by a dimethylene 
linkage are coordinated in a cis fashion to the nickel(II).  The Ni-S bond 
lengths (2.43 Å) are similar that found in the structure of 
[Ni3(DtoxH)2(Dtox)](ClO4)2·  CH3CN and in other thioether oxime nickel(II) 
complexes19.  The two oxime nitrogen donors are coordinated to the 
nickel(II) trans to each other.  The remaining coordination sites are occupied 
by a water molecule trans to S(1A) and by a perchlorate oxygen (O(11)) 
trans to S(1B).  The S(1A)-Ni-O(1W) angle (168.9o) contributes to the 
largest deviation from perfect octahedral symmetry.  The oxime oxygen 
(O(1A)) points below the N2OS-Ni plane, with the attached hydrogen atom 
forming a hydrogen bond with the coordinated water oxygen.  The other 
oxime oxygen (O(1B)) is coplanar with the equatorial coordination of the 
metal and with its attached hydrogen forms the second hydrogen bond in the 
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molecule, with the coordinated perchlorate oxygen (O(11)).  The nickel-
sulfur(thioether) and nickel-nitrogen(oxime) distances are similar with those 
found in [Ni(DtudH2)(HOPhCO2)2], and [Ni(MedtdoH)]ClO4 as well as 
those found in other thioether-oxime nickel complexes24, 25. 
 Structure of [Ni(DtudH2)(HOPhCO2)2].  The ORTEP is given in 
Figure 5.2. and the bond lengths and angles are given in Table 5.2.  The  
thioether-oxime ligand coordinates to the Ni(II)  in a fashion quite similar to 
that found in [Ni(DtoxH2)(H2O)](ClO4)2 (vide supra).  The thiother sulfur 
donors coordinate to the nickel(II) cis- to each other, whereas the oxime 
nitrogens are trans- coordinated to the nickel(II) center.  The thioether-Ni 
bond lengths (2.43Å) are quite similar to those found in 
[Ni(DtoxH2)(H2O)](ClO4)2 as well other Ni-thioether complexes 
20.  The 
remaining coordination sites are occupied by two carboxylate oxygens from 
two salicylate anions.  The carboxylate oxygen donors coordinate in a cis- 
fashion.  Additionally, there are two hydrogen-bonds formed between the 
non-coordinated carboxylate oxygen on the salicylate and the oxime 
hydrogen (oxime)OH---O(salicylate) (1.88 Å) and the O---O distance is 
2.549Å.  These interligand hydrogen bonds are longer than those observed in 
quasi-macrocyclic complexes such as [Ni(MedtdoH)]ClO4 (O---O distance, 
2.147 Å).  
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Hydrogen bonds between oxime and other groups are rather common, and 
usually occur between groups in the same ligand, as is the case in 
[Cu(Hsalox)2], where the H-bonding stabilizes the planar nature of the 
complex 21. This important structural feature has recently been observed in 
stereochemistries other than square planar.  Indeed, the first example of 
folded interligand, intermolecular H-bonding was observed in  
octahedral [Ni(HsaloxH)2(Me4en)]
22 where the O---O distances were 2.670 
and 2.627Å.  The O---O distances in [Ni(DtudH2)(HOPhCO2)2] are 





   Figure 5.2. ORTEP diagram of [Ni(DtudH2)(HOPhCO2)2].   
Thermal ellipsoids are drawn at the 50% probability level.  The hydrogen 
atoms are shown as spheres of arbitrary size. 
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Ni-S          2.4279(13)      O(1)-C(7)          1.264(4)       
  
         Ni-O(1)          2.062(3)       O-N            1.388(4)      
  
         Ni-N            2.073(2)       N-C(1A)         1.273(4)      
  





S-Ni-O(1)         89.89(8)   S-C(3A)-C(1A)          114.4(3) 
 
S-Ni-N            79.38(8)    O(1A)-Ni-N(A)        83.96(10)      
    
Ni-S-C(4A)   100.8(2)    N-Ni-N(A)         175.18(11)    
 
Ni-N-C(1A)   123.3(2)    S(A)-Ni-O(1A)         89.89(8)    
   
Ni-N-O            123.5(2)   S(A)-Ni-N(A)          79.38(8)    
  
S-Ni-S(A)         92.48(5)    O(1A)-Ni -N            99.55(10)     
  
S-Ni-O(1A)      177.51(8)    S(A)-Ni-N             97.25(8)     
  
S-Ni-N(A)        97.25(8)    O(1)-Ni-N(A)          99.55(10)    
  
O(1)-Ni-N      83.96(10)    O(1)-Ni-O(1A)   87.76(10)    
 





 Structure of [Ni(MedtdoH)]ClO4. The ORTEP is given in Figures 5.3. 
and 5.4. and the bond lengths and angles are given in Table 5.3.  The ligand 
MedtdoH2 coordinates to the nickel(II) ion in a square planar modality.  The 
S2N2 coordination sphere being formed from two thioether sulfur donors and 
two oxime nitrogens.  The NiN2S2 moiety is almost planar with a twist angle 
of only 0.1o, comparing to 12o in the case of [Ni(DtdoH)]+ 23.  The marked 
increase in the planarity being largely due to the positions of methyl-C(5A) 
and C(5B).  These two methyl groups point almost straight up, in effect 
preventing twisting of the ligand about the metal ion. The Ni-S(thioether) 
distances are very similar to that found in [Ni(DtdoH)]+ as well as in the 
range of previously reported distances for low-spin tetracoordinate nickel(II) 
thioether complexes24, 25. The Ni-N(oxime) distances are also similar to 
those found in [Ni(DtdoH)]+, and again are slightly longer than those found 
in [Ni(Cyclops)]+ due to the greater size of the two thioether donors 
compared with imino-nitrogen26.  A perchlorate oxygen-nickel(II) 
interaction is not present in the structure of [Ni(MedtdoH)]+, as occurs in the 
structure of [Ni(DtdoH)]+,  probably again due to the steric effect of the 
methyl groups.  A H-bond links the two oximate oxygen atoms (O(1A)–H 
1.230 Å , H–O(1B) 1.187 Å , O(1A)–H–O(1B) 2.147 Å) yielding a quasi-
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macrocyclic structure, which is quite a common feature among bi- and 
quadridentate oximes27. 
 
5.4. Synthetic Results and Discussion 
 Previously, the synthesis of [Ni(DtdoH)]ClO4 was reported in rather 
low yield 23, originally attributed to thermal instability.  The synthesis of 
[Ni(DtdoH)]ClO4 was repeated and yields of approximately the same value 
were obtained (24% compared with 22% for the published synthesis).  
Furthermore, the trimeric complex of DtdoH2 was synthesized with high 
yield (78 %) (see chapter 4); this can be explained by the fact that methyl 
groups on the carbon a to the thioether sulfur add some steric bulk, thus 
shifting the equilibrium toward low-spin monomer formation.  Described in 
this chapter is the synthesis of  [Ni(MedtdoH)]ClO4 obtained in rather good 
yields (65 %).  This fact provides further evidence for the steric effect of 
adding methyl groups, MedtdoH2 has two methyl groups on the carbon 
adjacent to the thioether donor, adding to the shift in the equilibrium toward 
monomer.  Indeed, space-filling molecular models confirm this assertion.  
The trimeric nickel(II) complexes can not form with MedtdoH2 due to 
interactions between the methyl groups and trimethylene bridging moieties 




Figure 5.3. ORTEP diagram of [Ni(MedtdoH)]ClO4 (cation and non-coordinated perchlorate).  Thermal ellipsoids 





Figure 5.4. ORTEP diagram of [Ni(MedtdoH)]ClO4 (only cation shown) in a edge-on view.  Thermal ellipsoids 
are drawn at the 50% probability level.  The hydrogen atoms are shown as spheres of arbitrary size.
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Ni-N(1B) 1.900(2) O(1B)-N(1B) 1.367(2) 
 
Ni-N(1A) 1.909(1)  N(1A)-C(2A) 1.292(2) 
 
Ni-S(1B) 2.150(1)  N(1B)-C(2B) 1.294(2) 
 
Ni-S(1A) 2.150(2)  O(1A)-N(1A) 1.357(2) 
  
S(1A)-C(6A) 1.815(2)  S(1B)-C(6B) 1.819(2) 
  
S(1B)-C(3B) 1.861(2)  S(1A)-C(3A) 1.858(2) 
 
 
   
Bond Angles 
   
N(1B)-Ni-N(1A) 97.36(6) O(1B)-N(1B)-Ni 119.59(10) 
 
N(1B)-Ni-S(1B) 84.00(4) C(6B)-S(1B)-Ni 111.05(6)  
 
N(1A)-Ni-S(1B) 178.20(5) C(3B)-S(1B)-Ni 100.31(5)  
 
N(1B)-Ni-S(1A) 178.79(4) C(2A)-N(1A)-O(1A) 116.62(14) 
 
N(1A)-Ni-S(1A) 83.24(4) C(2A)-N(1A)-Ni 123.40(12)  
 
S(1B)-Ni-S(1A) 95.38(2) O(1A)-N(1A)-Ni 119.98(10) 
 
C(2B)-N(1B)-O(1B) 115.93(13)  C(2B)-N(1B)-Ni 124.28(11) 
 






It should be noted that attempts to syntheses trimeric nickel(II) complexes 
with MedtdoH2 only led to the formation of square-planar monomer 
[Attempts were made using triethylamine, or aqueous sodium hydroxide]. 
  Since sodium acetate causes non-stoichiometric (1eq NaOAc/ 4 eq H+ 
liberated) deprotonation of the trimeric nickel(II) complexes (eq. 1), 
attempts were made using a base weaker than OAc- (pKb =9.24 ).  Sodium 
Benzoate (pKb =9.80) and sodium salicyclate (pKb
1 =11.02 ) were used, but 
instead of deprotonating the ligand, they instead coordinated to the nickel(II) 
ion (eq 2) forming a high-spin monomeric carboxylate adduct. 
 
OAc- + 3Ni2+ + 3LH2  à [Ni3(L)(LH)2]
2+ + HOAc + 3H+   (1) 
PhCO2
- + Ni2+ + LH2  à ½ [Ni(LH 2)(PhCO2)2]     (2) 
 
5.5. Electronic Spectra 
 The optical spectra of [Ni(DtudH2)(H2O)](ClO4)2, 
[Ni(DtoxH2)(H2O)](ClO4)2, [Ni(DtudH2)(PhCO2)2] and 
[Ni(DtudH2)(HOPhCO2)2] are all quite similar and are characteristic of high-
spin octahedral Ni(II).  The first two ligand field bands (3T2g ß 
3A2g, 
3T1g(F) 
ß 3A2g) occur between 930-1030 nm and 552-590 nm respectively.  The 
third ligand field band (3T1g(P)ß
3A2g)   is obscured in most cases by the 
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charge transfer bands as is commonly the case in Ni(II) complexes with 
thioether donors28.  The Racah parameter (B) for each of the octahedral 
complexes in which realistic values could be obtained all are indicative of 
complexes with sulfur donors due to the rather large deviation from the free-
ion value of 1082 cm-1.  For [Ni(DtudH2)(H2O)](ClO4)2, where reasonable 
values of the Racah B were obtained, reveal that in nitromethane the B value 
is large, whereas in coordinating acetonitrile the value in less indicating an 
increase in the covalency of the complex with acetonitrile coordinated.  The 
10Dq values for the carboxylate complexes ([Ni(DtudH2)(PhCO2)2] and 
[Ni(DtudH2)(HOPhCO2)2]) are lower than that of 
[Ni(DtudH2)(H2O)](ClO4)2, [Ni(DtoxH2)(H2O)](ClO4)2, which can be 
discussed in terms of HSAB theory29.  Anionic oxygen donors (ligand à 
metal p bonding) are softer donors than neutral oxygen and therefore donate 
more negative charge to the metal, decreasing the attraction between metal 
and ligand thus resulting in lower 10Dq values30.  The optical spectrum of 
[Ni(MedtdoH)]ClO4 is typical of low-spin square planar nickel(II) with 
mixed N/S  coordination 31.  In solution as well as in the solid state the 
































































Figure 5.6. Optical spectra of [Ni(DtdoH)]ClO4 (
……...) and 
[Ni(MedtdoH)]ClO4 (
__) in acetonitrile. 
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Table 5.4. Optical Spectra. 
Complex Medium a l (nm) (e (M-1cm-1)) B (cm-1) e 10Dq (cm-1) 
     
[Ni(DtoxH2)(H2O)](ClO4)2 solid state 930, 590, 370 782 10753
 f 
 CH3CN 924(sh) (23), 850 (30), 552 (13), 353(sh) (35) 792 11621 
g 
 CH3NO2 926(sh) (27), 869 (28), 552 (13.5) 976 11183 
g 
     
[Ni(DtudH2)(H2O)](ClO4)2 solid state   930, 490(sh), 410 
h  
 solid state b 970, 560, 374(sh) 868 10309 f 
 CH3CN 927(sh) (18), 860 (20), 556 (13), 434(sh) (10) 
h 11314 g 
 CH3NO2 951(sh) (28), 889 (29), 548 (22) 
h 10912 g 
     
[Ni(DtudH2)(PhCO2)2] 
c solid state  1030, 610, 383 h 9709 f 
 CH3NO2 1016 (30), 606 (26) 
h 9843 f 
     
[Ni(DtudH2)(HOPhCO2)2]
 c,d solid state 1030, 590, 365(sh) h 9709 f 
     
[Ni(MedtdoH)]ClO4 solid state 490(sh), 408 - - 
 CH3CN 496 (sh) (265), 411(858), 331(6090) - - 
 CH3NO2 491(sh) (203), 409 (676) - - 
     
[NI(DtdoH)]ClO4 solid state 490(sh), 410 - - 
 CH3CN 500 (sh) (203), 411(625), 334(4720) - - 
 CH3NO2 497(sh) (140), 411(443) - - 
a Solid-state data from diffuse reflectance in MgCO3 matrix.   
b Solid-state diffuse reflectance spectrum recorded in MgSO4 matrix.   
c Insoluble in CH3CN.     
d Insoluble in CH3NO2.     
e B calculated from the 3T1g(F)¬3A2g transition according to the   
expression : n2 = 7.5B+15Dq-1/2(225B2+100Dq2-180DqB)1/2.   
f 10Dq values were calculated from the 3T2g¬3A2g transition.   
g 10Dq values were calculated according to Hancock's method34   
h Gave non-realistic values for the Racah B parameter.   
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 [Ni(DtdoH)]ClO4.  In the spectra of both complexes, the band around 490-
500 nm has been assigned as the 1A2g ß 
1A1g transition and the second more 
intense band has been assigned as the 1B1g ß 
1A1g transition.  Generally, due 
caution should be exercised in the assignment of transitions in square-planar 
Ni(II) as the relative order of the four low lying d-levels varies from 
complex to complex32.  The major difference between the spectra is the 
increase in the excitation coefficient of [Ni(MedtdoH)]ClO4 (858 M
-1 cm-1 at 
410 nm) compared with that of [Ni(DtdoH)]ClO4 (625 M
-1 cm-1  at 410 nm); 
this effect is probably due to the fact that the gem-dimethyl groups on the 
carbon a to the thioether increase the electron-donating ability of the 
adjacent thioether sulfur (Figure 5.6.).  This effect has been observed in 
Fe(III) thiolate complexes and results in an increase in the molar absorptivity 
by about 300 units (a 21 % increase)33. 
5.6. Optical Titration 
  Figures 5.7., 5.8, 5.9., 5.10. show the data for the optical titration of 
[Ni(DtudH2)]
2+ with N, N-diisopropylethylamine in nitromethane.  As is 
observed in Figure5.7., the titration is rather cluttered, so figures of the 
intermediate states are given.  Spectra were recorded at 0 through 1.5 molar 
equivalents of base per mole of Ni(II)-ligand in steps of 0.1 equivalents 
(total of 15 additions).  The titration is composed of two equilibria, (1) the 
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equilibrium between the non-deprotonates form of the complex and the non-
deprotonated form [Figure 5.8.] and  (2) the equilibrium between the mono-
deprotonated form and that of the trimeric complex (1.5 x deprotonated) 
[Figure 5.9.].  The initial spectrum (no base added) is equivalent to that of 
[Ni(DtudH2))(H2O)]
2+ in nitromethane solution thus providing evidence for 
the complex present in the beginning of the titration.  The spectrum at the 
point of 1 equivalent base added is similar to those observed for 
[Ni(DtdoH)]+, and [Ni(MedtdoH)]+ in nitromethane indicating that the 
primary species present at this point is that of the low-spin, square planar 
complex.  It is interesting to note that attempts to isolate this species by ether 
vapor diffusion only yielded sticky green-black solids.  The final spectrum 
(at 1.5 eq.) is identical to that of [Ni3(Dtud)(DtudH)2]
2+ in nitromethane.  
From the spectral evidence it is clear that the following equilibria are 




3 3  
Attempts to reprotonate [Ni3(DtdoH)2(Dtdo)]
+ with benzenesulfonic acid 
(using stoichiometric or excess amounts) were unsuccessful and only led to 
recovery of trimer.  Acid-base driven self-assembly has been extensively 
studied 3, 4, 5, this being the first example with a thioether-oxime ligand and 






































Figure 5.7. Optical titration of [Ni(DtudH2)]
2+ with N, N-






































Figure 5.8. Optical titration of [Ni(DtudH2)]
2+ with N, N-






































Figure 5.9. Optical titration of [Ni(DtudH2)]
2+ with N, N-
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Figure 5.10. Molar absorptivity as a function of base addition, monitored at 




that all three forms of the complex can exist in equilibrium without 
precipitating out of solution.  The major disadvantage of this titration is that 
it was performed in nitromethane, thus proving difficult for equilibrium 
constants to be obtained.  The major obstacle being the inability to easily   
measure pH in MeNO2.  The experiment does however illustrate the ability 
for this class of complexes to convert between different forms and to self-
assemble into a trimeric complex, and more importantly provides 
information about the H+ stiochiometry.   
5.7. Electrochemistry 
 The electrochemical data are provided in Table 5.5.  The redox 
properties of [Ni(DtoxH2)(H2O)](ClO4)2, and [Ni(DtudH2)(H2O)](ClO4)2 are 
quite different compared to their trimer counterparts (Chapter 4.).  Only a 
irreversible reduction is observed at E1/2 = -1.14 V for 
[Ni(DtoxH2)(H2O)](ClO4)2 and E1/2 = -1.12 V for [Ni(DtudH2)(H2O)](ClO4)2 
(Figure 5.11.).  As mentioned in Chapter 4, incorporation of thioether sulfur 
donors in the coordination sphere of the nickel(II) tend to stabilize Ni(I), 
whereas as the lack of anionic charge in the coordination sphere drastically 
decreases the ability of the complex to support Ni(III).  The electrochemistry 
of the carboxylate adducts were not performed, due to their insolubility in 
acetonitrile, and moderately poor solubility in other solvents often used for 
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electrochemical measurments (DMF, MeOH).  The electrochemistry of 
[Ni(DtdoH)]ClO4, and [Ni(MedtdoH)]ClO4 on the other hand shows very 
clean quasi-reversible one electron reductions in MeCN (E1/2 = -1.17 V and –
1.18 V respectively).  No dependence on concentration was observed (over a 
ten-fold range) as is the case for [Ni(cyclops)]+ 26, nor was the formation of 
any Ni(III) or Ni(0) species observed between +1.2 and –2.5 V.  Bubbling 
CO through MeCN solutions of [Ni(DtdoH)]ClO4 and and 
[Ni(MedtdoH)]ClO4 causes the reduction wave to become irreversible 
(Figure 5.12.).  For [Ni(MedtdoH)]ClO4, the CO-saturated solution shows an 
Ep,c = -1.154 V at 500 mVsec
-1 (an anodic shift of about 80 mV from Ep,c = -
1.234 V in the case of the N2 saturated solution.).  The shift of the reduction 
potential upon CO saturation is consistant with CO binding to Ni(I) 23.  The 
CO effects are reversible, as the original voltammogram reappears after 
repurging with N2 gas.   The difference in the core charge for 
[Ni(DtudH2)(H2O)](ClO4)2 (+2) and [Ni(DtdoH)]ClO4 (+1) nicely illustrates 
the lack of dependence that reductive electrochemistry of nickel(II) 
complexes has on the core charge as the reduction potentials for the two 
complexes are identical. All reduction potentials have been assigned to the 
formation of Ni(I), and this is consistant with the derived Dh values which 









Figure 5.11. Rotating disk (Hg on Au) polarogram (20 mVsec-1, 2400 rpm) 








Figure 5.12. Cyclic Voltammogram (Pt wire) (500 mVsec-1) vs. Ag/Ag+ of 
[Ni(MedtdoH)]ClO4 in MeCN under N2 (





Table 5.5. Electrochemical Data 
Complex E1/2 (V)





[Ni(DtudH2)(PhCO2)2] - - 
[Ni(DtudH2)(HOPhCO2)2] - - 
[Ni(MedtdoH)]ClO4 -1.18 1.9 
[Ni(DtdoH)]ClO4
d -1.17 1.8 
 
a E1/2 vs. Ag+ (0.01 M, 0.1 M NEt4ClO4, CH3CN)/Ag.  The electrode is at  
approximately +0.540 V vs. the SHE.  All electrochemistry was performed in  
CH3CN with 0.1 M NEt4ClO4 supporting electrolyte.   
bh (0.1 M TEAP in CH3CN) = 0.00380 g cm-1 s-1.   
c E1/2 and Dh obtained from RDE polarogram, estimate of Dh obtained  
according to Levich35  and Adams36 . 
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Chapter 6. Pentadentate Thioether-Oxime Macrocyclic and 
Quasi-Macrocyclic Complexes of Copper(II) and Nickel(II) 
 
 
6.1. Introduction  
 The ability of sulfur- and nitrogen-based donors to stabilize reduced and 
oxidized forms of Cu(II) and Ni(II) respectively, has sparked interest in their 
role in bioinorganic systems1, 2.  Interest continues in the combined effects of 
thioether sulfur with imino nitrogen on the redox chemistry of Cu(II) and 
Ni(II)3-8.  The stabilization/destabilization of nickel(III) and nickel(I) is not 
only of interest in inorganic chemistry9, 10, but has recently become important 
in understanding the activity of many enzymes.  EXAFS and/or X-ray 
diffraction has shown that the coordination spheres present in these redox 
active enzymes contain N/S-donor environments 11, 12.  Due to the prevalence 
of the mixed S/N donor environment in biology, there has been widespread 
interest in complexes with similar coordination spheres, and the resulting 
properties obtained from this juxtaposition of donors 13-16. 
We report here the synthesis, structure and electronic properties of Ni(II)- 
and Cu(II)-oxime complexes with N2S3 and N2S2O donor arrays, as well as 
the properties of the BF2-macrocyclized complexes, some of which exhibit 
the ability of stabilizing both Ni(I) and Ni(III) in the same ligand framework.  
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It was found that the direct reaction of Cu(BF4)2 with the dioxime ligands 
produced the BF2
+- macrocyclized products. 
 
6.2. Experimental Section 
 Reagents (Aldrich, Fluka, GFS) were generally used as received. 
Acetonitrile for electrochemistry was distilled off P4O10 under N2.  3-Chloro-
2-propanone oxime and 3-chlorobutanone oxime were prepared according to 
literature procedures7, 17.  Proton NMR spectra were obtained on a Bruker 
AM250 spectrometer using CDCl3 as solvent with TMS as internal standard.  
Electronic spectra were recorded on a Perkin-Elmer Lambda-3 
spectrophotometer (solution) or on a Perkin-Elmer 330 spectrophotometer, 
equipped with an integrating sphere for diffuse reflectance.  Electrochemical 
measurements were carried out with a Bioanalytical Systems (BAS-100A) 
electrochemical analyzer.  The three-electrode assembly comprised the 
working electrode, an Ag+ (0.01M, 0.1M NEt4ClO4, MeCN)/Ag reference 
electrode, and a Pt-mesh auxiliary electrode.  The working electrode was a  
Pt wire for voltammetry and a Pt disk for rotating electrode polarography (for 
which E1/2 is defined as the potential at which i=iL/2 
18.  The supporting 
electrolyte was 0.1-0.2M NEt4ClO4 or NBu4PF6, and solutions were ca. 1mM 
in complex.  ESR spectra were obtained on a Varian E-12 X-band instrument 
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calibrated near g=2 with diphenylpicrylhydrazyl radical; g-values are 
±0.005(g||) and ±0.01(g^); isotropic g-values (go) are ±0.005.  ESR spectra 
were simulated (to second order in the resonance fields) on a Macintosh G3 
platform using software derived from the work of Lozos et al.19.  Elemental 
microanalyses were performed by Robertson-Microlit Laboratories 
(Madison, NJ) or by the University of Pennsylvania Microanalytical 
Laboratory.  Mass spectra were obtained on a VG-ZABHF high resolution 
double focusing instrument using 2-nitrobenzyl alcohol as the matrix for FAB 
mode (M is the complex cation). 
Syntheses 
The synthesis of the following ligands is described in chapter 2 : 4, 7, 10-
trithiatridecane-2, 12-dione dioxime (TtoxH2), 4, 10-dithia-7-oxatridecane-2, 
12-dione dioxime (OdtoxH2), 3,11-dimethyl-4, 7, 10-trithiatridecane-2, 12-
dione dioxime (MeTtoxH2), and N-benzyl-N,N-bis-{(3-thia-5-hydroxy-
iminohexane)} (BzamtoxH2). 
 The methods for preparation of the Ni(II) and Cu(II) complexes of 
TtoxH2, MeTtoxH2and OdtoxH2 were similar.  An example of the synthesis 
is as follows: 
[Ni(TtoxH)]ClO4
.H2O: To a stirred solution of TtoxH2 (2g, 7.3 mmol) in 
MeOH (20 mL), was added a solution of Ni(ClO4)2.6H2O (2.67g, 7.3 mmol) 
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in MeOH (10 mL), to give a lilac solution.  A methanolic solution (15mL) of 
NaOAc.3 H2O (0.99g, 7.3 mmol) was then added.  After 10 min. a powdery 
lilac precipitate formed, which was filtered off, washed with MeOH (2 x 
5mL) and recrystallized from hot MeOH/Me2CO (2:1). Yield, 1.86g (52%) of 
lilac microprisms.  Analytical data: Calc % for C10H19ClN2NiO6S3
.H2O: C 
25.2, H 4.55, N 5.88; found: C 25.2, H 4.52, N 5.68. FAB-MS: (M)+: 353. 
[Ni(OdtoxH)]ClO4.2H2O: For 5.0 mmol (1.40g) of ligand: Yield, 1.33g 
(58%) of lilac microprisms.  Analytical data: Calc % for 
C10H19ClN2NiO6S2.2H2O: C 26.3, H 5.07, N 6.12, found: C 26.4, H 4.98, N 
6.04. FAB-MS: (M)+: 337. 
 
[Ni(MeTtoxH)]ClO4.H2O: For 1 mmol (0.32g) of ligand: Yield, 0.28g 
(56%).  Recrystallized from hot MeOH/MeNO2 (1:3 of lilac microprisms.  
Analytical data: Calc % for C12H23ClN2NiO6S3.H2O: C 29.0, H 4.66, N 5.63, 
found: C 28.8, H 5.14, N 5.71. FAB-MS: (M)+: 381. 
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[Ni(BzamtoxH)]ClO4.2H2O : For 2 mmol (0.74g) of ligand: Recrystallized 
from hot MeOH/H2O (1:3).  Yield, 0.22g (20%) of lilac microcrystals.  
Analytical data: Calc % for C17H26ClN3NiO6S2.2H2O: C 36.3, H 5.37, N 




[Cu(TtoxH)]ClO4: For 2 mmol (0.59g) of ligand: Yield, 0.54g (59%) 
(Purple-black solid).  The solid was recrystallized from hot MeOH/MeNO2 
(1:1) of purple-black single rhombs.  Analytical data: Calc % for C10H19Cl 
CuN2O6S3: C 26.2, H 4.18, N 6.11; found: C 25.3, H 4.13, N 6.00. FAB-MS: 
(M+H)+: 359. 
 
[Cu(OdtoxH)](ClO4).[Cu(OdtoxH2)](ClO4)2: For 2 mmol (0.56g) of ligand: 
Yield, 0.84g (85%). The solid was recrystallized from hot MeOH/MeNO2 
(1:1) of purple-black single rhombs.  Analytical data: Calc % for 
C10H19.5Cl1.5CuN2O9S2: C 24.4, H 3.99, N 5.69; found: C 24.5, H 4.09, N 
5.64. FAB-MS: (M+H)+: 343. 
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[Cu(MeTtoxH)]ClO4.[Cu(MeTtoxH2)](ClO4)2: For 4.1 mmol (1.35g) of 
ligand: Yield, 1.51 g (76%) (Purple-black solid).  The solid was recrystallized 
from hot MeOH/MeNO2 (1:1) of purple-black rhombs.  Analytical data: Calc 
% for C12H21.5Cl1.5CuN2O8S3: C 26.8, H 4.41, N 5.00; found: C 26.9, H 4.30, 
N 4.99. FAB-MS: (M)+: 387. 
 
[Ni(TtoxBF2)]ClO4
.0.5CH3OH: To [Ni(TtoxH)]ClO4·H2O (0.472g, 1.0 
mmol) in 20 mL of boiling MeCN, were added 1.0 mmol (0.10g, 0.138 mL) 
of triethylamine and 1.0 mmol (0.14g, 0.125 mL) boron trifluoride diethyl 
etherate.  The solution was stirred for 1 hour at room temperature and the 
solvent was then evaporated off on a steam bath.  The residue was dissolved 
in 10 mL of water and the resulting lilac solution was cooled by refrigeration 
for 30 min., after which lilac microcrystalline solid precipitated, which was 
filtered off, washed with cold H2O (2x2mL) and dried in air.  
Recrystallization from hot MeOH/MeCN (1:1 v/v) afforded single lilac 
prismatic crystals (0.23g, 44%). Analytical data: Calc % for 
C10H18BClF2N2NiO6S3
.0.5CH3OH : C 24.4, H 3.90, N 5.41 ; found: C 24.3, 





.2H2O: A solution of [Ni(OdtoxH)]ClO4 .. H2O (0.456g, 
1 mmol) was dissolved in MeCN(20mL), the solution was heated to the boil 
on a steam bath followed by the addition of triethylamine (0.10g, 0.138mL, 1 
mmol) and boron trifluoride diethyl etherate (0.14g, 0.125mL, 1 mmol).  The 
solution volume was reduced to 10mL (steam bath), the solution was cooled 
on ice to precipitate a lilac solid, which was filtered off and washed with 
MeCN (2x3mL) and Et2O (5mL) and dried over anhydrous CaCl2 in vacuo.  
Recrystallized from hot MeOH/MeNO2 (1:1) as lilac microcrystalline prisms.  
Yield: 0.35g (70%). Analytical data: Calc % for C10H18BClF2N2NiO7S2.2H2O 
: C 23.0, H 4.25, N 5.37 ; found: C 23.9, H 4.35, N 5.36. FAB-MS: (M)+: 
385. 
 
[Cu(TtoxBF2)]BF4: TtoxH2 (0.7g, 2.36 mmol) was dissolved in MeOH 
(20mL).  With stirring, a methanolic solution of Cu(BF4)2 (2.36 mmol) was 
slowly added to give a dark green solution which immediately precipitated a 
dark purple solid.  The mixture was stirred for 25 min, after which the 
solution was concentrated down on a steam bath to half the volume.  The 
resulting solid was filtered off, washed with MeOH (3x 5mL) and 
recrystallized from hot MeCN.  Yield: 0.40g (34.3%) of purple rhombic 
shaped microcrystals. Analytical data: Calc % for C10H18CuB2F6N2O2S3: C 
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[Cu(OdtoxBF2)]BF4.0.5H2O: Same general procedure as above, for 2.0 
mmol (0.56g) of ligand: Yield: 0.15g (15%) of purple micro-rhombs.  
Analytical data: Calc % for C10H18B2CuF6N2O3S2.0.5H2O: C 24.7, H 3.94, N 
5.76; found: C 24.6, H 3.67, N 5.64. FAB-MS: (M)+: 390, (M-BF2)
+:343. 
 
[Cu(MeTtoxBF2)]BF4: For 1 mmol (0.32g) of ligand.  Recrystallized from 
hot MeOH/Me2CO (1:1) of purple rhombs. Yield: 0.47g (91%). Analytical 
data: Calc % for C12H22B2CuF6N2O2S3: C 27.6, H 4.25, N 5.37; found: C 
27.8, H 4.54, N 5.41. FAB-MS : (M)+ : 434, (M-BF2)
+: 387. 
 
Caution! The perchlorate salts used in this study are potentially explosive 





proved to be mechanically sensitive, so due caution in its preparation and 
handling should be observed. 
 
X-Ray data collection 
 X-ray data for [Cu(TtoxH)]ClO4  and 
[Cu(OdtoxH)]ClO4
.[Cu(OdtoxH2)](ClO4)2 were collected on a Siemens 
P4S diffractometer with graphite–monochromated Mo-Ka radiation (l= 
0.7103 Å). Cell constants and orientation matrices were obtained by least-
squares refinement of setting angles of 25 randomly selected reflections. 
Accurate cell constants and improved orientation matrices were obtained 
from the least-squares refinement of setting angles of the 50 strongest 
reflections found in the thin shell between 12.0 and 13.0° in q.  The collected 
data sets were analyzed for intense high c (above 80°) reflections over a range 
of 2q values, which were then scanned to provide the basis for empirical 
absorption corrections. 
 
For [Cu(TtoxH)]ClO4 a total of 1929 reflections were collected (-7 £ h £ 0, -
18 £ k £ 0, -28 £ l £ 0) in the range of 2.90° to 27.50°,with all being unique 
(Rint= 0%). The empirically derived transmission coefficient ranged from 
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0.654 to 0.899. Disorder in the methylene linkages between S1 and S2  was 
resolved by constraining the bond distances and solving for the relative 
occupancies which gave the best fit to the diffraction data.  The two 
positions for the methylene carbons  have occupancies of 0.732 and 0.268 
respectively.   
 For [Cu(OdtoxH)]ClO4
.[Cu(OdtoxH2)](ClO4)2 a total of 2555 
reflections were collected (-18 £ h £ 18, -15 £ k £ 0, -17 £ l £ 15)in the range 
of 2.39° to 28.50°, with 2457 being unique (Rint= 2.15%). The empirically 
derived transmission coefficient ranged from 0.1567 to 0.2961. The labile 
OdtoxH2 proton is effectively distributed over symmetry-equivalent sites, and 
thus could not be located in the refinement. 
   X-ray data for [Ni(OdtoxBF2)]ClO4.2H2O was collected on a Siemens 
SMART CCD diffractometer system at ambient temperature and data was 
collected and refined according to the previously published procedures20.  A 
total of 21404 reflections were collected (-18 £ h £ 18, -11 £ k £ 11, -23 £ l £ 
23) in the range of 1.51° to 28.31°, with 4783 being unique (Rint= 4.60%).  
The empirically derived transmission coefficient ranged from 0.4965 to 
0.8394. Disorder in the methylene linkages between S(1A) and O, and 
between S(1B)and O was resolved by constraining the bond distances and 
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solving for the relative occupancies which gave the best fit to the diffraction 
data.  The two almost equivalent positions for the methylene carbons have 
occupancies of 0.559 and 0.441 respectively.  A partially disordered 
perchlorate was similarly refined by modeling three oxygen sites with 0.292, 
0.337, 0.371 occupancies respectively.   
 Hydrogens were included in structure factor calculations in calculated 
positions and refined using a riding model.  Thermal ellipsoids are displayed 
at the 20% probability level for clarity, and hydrogen atoms are shown as 
spheres of arbitrary size. 
 
6.3. Synthetic Results and Discussion 
   These pentadentate ligands were synthesized in order to observe the 
effects of anionicthioether-oxime ligands on the chemistry of Ni(II) and 
Cu(II), without causing oligomerization as is generally the case with these 
ligands (Chapters 3,4).  Due to their insolubility in methanol, Cu(II) 
complexes of OdtoxH2 and MeTtoxH2 tend to form compounds, whose 
crystals are composed of a 1:1 mixture of non-deprotonated and singly-
deprotonated complexes.  This insolubility tends to inhibit further 
deprotonation, which would otherwise lead to the completely quasi-
macrocyclized, singly deprotonated products.  Attempts to macrocyclize 
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[Ni(MeTtoxH)]+ with BF2
+ produced only starting material, while attempts to 
induce reaction of excess NaBF4 with [Ni(TtoxH)]ClO4 in methanol, in order 
to macrocyclize via a direct reaction with BF4
- produced only the metathesis 
product [Ni(TtoxH)]BF4.  Due to the high solubility of [Ni(BzamtoxH)]ClO4 
in most solvents, it was only obtained in rather low yield. 
Synthesis of Cu-BF2
+ -macrocyclized oximes 
It was found that when Cu(BF4)2 is used as the Cu
2+ salt, one is able to 
obtain in rather good yield, the BF2
+-macrocyclized vic-oxime.  It is 
interesting to note that this reaction does not occur in the case of the Ni(II) 
oximes, which we attribute to the greater acidity of the copper(II) oxime 
promoting oximate nucleophile formation.  The only other known example of 
the reaction of BF4
- with hydrogen-bonded oximes requires the addition of 
an equimolar amount of NaBF4 (for every mole of complex) to the reaction 
mixture and refluxing conditions for ~18 hrs21.  The reaction described here 
is a factor of approximately 103 x faster and requires neither the addition of 
excess BF4






6.4. Description of Structures 
Description of the structure of [Cu(TtoxH)]ClO4 
An ORTEP diagram is shown in Figure 6.1., while selected bond distances 
and angles are given in Table 6.1.  The x-ray structure reveals an almost 
perfect square pyramidal N2S3 coordination environment (t = 0.06)22.  The 
Cu(II) in each quasi-macrocyclic unit is coordinated by two cis- thioether 
sulfur and two cis-oxime nitrogen donors in the basal plane and by the 
ligand's central thioether sulfur in the apical position.  The equatorial Cu-S 
(2.335 Å) distances are identical to that of the only other structurally 
characterized thioether-oxime complex of Cu(II) (2.33 Å) in the literature23.  
The Cu-N(oxime) distances (2.00 Å) are typical for compounds of this  
nature 24-26.  A single proton bridging the two oxime oxygens closes off the 
equatorial chelate ring, which is typical for metal complexes with two oximes 
in a cis- conformation.  The O…O' separation (2.429 Å) is consistent with H-
bonded oxime O…O' distances found in other vic-dioxime complexes27, 73.  
The axial Cu-S distance (2.482 Å) is considerably longer than those in the 





















 Cu-N  2.001(3)  N-O  1.361(4) 
 Cu-S(1)  2.3353(12)  S(1)-C(3) 1.797(4) 
 Cu-S(2)  2.4822(18)  S(1)-C(4) 1.789(6) 
 N-C(2)  1.284(5)  S(2)-C(5) 1.836(6) 
   
 Bond Angles 
N-Cu-S(1)   84.23(10)     N-C(2)-C(3)         118.4(4) 
N-Cu-S(2)    101.02(10)    C(2)-C(3)-S(1)         
115.1(3)   
S(1)-Cu-S(2)   90.40(5)     C(4)-C(5)-S(2)         
116.3(5) 
O-N-Cu1        18.8(2)     C(2)-N-O         117.1(3) 
C(2)-N-Cu1    23.9(3)     N-C(2)-C(1)         124.8(4) 
C(5)-S(2)-Cu   96.6(2)  
 




Description of the structure of 
[Cu(OdtoxH)](ClO4).[Cu(OdtoxH2)](ClO4)2 
An ORTEP diagram is shown in Figure 6.2. and a representation of the unit 
cell, showing the intramolecular interactions is shown in Figure 6.3.; selected 
bond distances and angles are in Table 6.2.  The x-ray structure reveals a 
square pyramidal N2S2O coordination environment (t = 0.07), the overall 
coordination mode being similar to that of [Cu(TtoxH)]ClO4.  The oxime H-
bonded O…O' distance is 2.530 Å and is again comparable with other vic-
oxime oxygen distances (vide supra).  The equatorial Cu-S (2.318 Å) and 
Cu-N (1.979 Å) distances are slightly smaller compared with 
[Cu(TtoxH)]ClO4, as the smaller size of the ether oxygen donor allows the 
ligand to be brought closer to the metal.  The axial Cu-O (2.316 Å) distance 
is also typical for elongatedly axial oxygen donors29.  The unit cell contents 
(as well as the other experimental evidence) indicate that half of the complex 
cations are in the [Cu(OdtoxH)]+ form, and the other half in the 
[Cu(OdtoxH2)]2+ form.  The additional (second) proton in the latter formula 
is disordered over the four oxime oxygens of the two formula units.  A 
perchlorate O(11) is located directly above each CuN2S2 plane, weakly 
bound at 2.524 Å from the copper(II). 
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 In addition, there is an unexpected interaction involving a 
perchlorate oxygen and the dimethylene bridges between the ligand's ether 
oxygen and thioether sulfurs.  The two equivalent perchlorate-O(12) act as H-
bond acceptors with respect to the two methylene protons of the C(4) atoms 
adjacent to the thioether sulfurs.  The two C-H groups are directed toward 
the two O's, the H...O distance being 2.463 Å and the C-H...O angle 160.6°.  
H-bonding interactions involving hydrocarbons are not so common, but the 
distances are in the range of 2.4 - 3.0 Å30-33.  Consequently, there exist 
tetramolecular clusters involving two bridging perchlorates and two complex 
cations, linked in a cyclic structure by two Cu...OClO3 interactions and two 













Figure 6.3.  ab Diagram of the unit cell for 
[Cu(OdtoxH)](ClO4).[Cu(OdtoxH2)](ClO4)2 showing  the tetramolecular 














 Cu-N(1)  1.979(3)  N(1)-O(1) 1.391(4) 
 Cu-S(1)  2.3180(12)  S(1)-C(3) 1.774(7) 
 Cu-O  2.316(5)  S(1)-C(4) 1.772(7) 
 N(1)-C(1) 1.273(5)  O-C(5)  1.485(9) 
   
 Bond Angles 
N(1)-Cu-S(1) 83.54(10)   N(1)-C(1)-C(2)  125.1(5) 
N(1)-Cu-O 97.65(13)   N(1)-C(1)-C(3) 116.9(4)   
S(1)-Cu-O 84.18(10) C(5)-C(4)-S(1) 117.1(5) 
O-N(1)-Cu 120.9(2)  C(5)-O-Cu 106.1(4) 
C(1)-N(1)-Cu 124.9(3)  C(1)-C(3)-S(1) 115.6(3) 
C(4)-S(1)-Cu 100.5(3)  
 
 
a Parentheses contain estimated standard deviation in the least significant digit 
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Description of the structure of [Ni(OdtoxBF2)]ClO4.2H2O 
 An ORTEP diagram is shown in Figure 6.4., with selected bond 
distances and angles given in Table 6.3.  The macrocyclic structure shows a 
distorted octahedral geometry around Ni(II), with each Ni(II) coordinated by 
two cis-thioether sulfur and two cis-oxime nitrogen donors, and by the ether 
oxygen in an axial position.  The overall disposition of the ligand around the 
nickel is the same as the above described Cu(II) complexes.  The remaining 
apical site in the octahedral coordination sphere is occupied by a water 
oxygen.  The ligand is macrocyclized by the BF2
+ group, which bridges the 
two cis-oxime oxygens.  The equatorial Ni-S (2.402 Å, 2.400Å) distances are 
longer by ~0.24 Å and the Ni-N (2.045 Å, 2.034 Å) distances are ~0.14 Å 
longer compared to those found in [Ni(Dtdo)]ClO4, but are quite similar to 
those found in [Ni3(Dtox)(DtoxH2)](ClO4)2.CH3CN 7, 73.  The oxime O-B 
bond lengths (1.475 Å, 1.460 Å) are comparable with those found in 
molecules such as [Ni(Cyclops)I]34, while the axial ether O-Ni distance (2.126 
Å) is slightly larger than the axial water O-Ni distance (2.044 Å).  This does 





















 Ni-S(1A) 2.4018(11)  N(1A)-O(1A) 1.398(4) 
 Ni-S(1B) 2.3995(10)  N(1B)-O(1B) 1.389(4) 
 Ni-O  2.126(3)  N(1A)-C(2A) 1.280(4) 
 Ni-O(1W) 2.044(3)  N(1B)-C(2B) 1.288(4) 
 Ni-N(1A) 2.045(3)  C(3A)-S(1A) 1.808(6) 
 Ni-N(1B) 2.034(3)  C(3B)-S(1B) 1.804(5) 
 O(1A)-B 1.475(5)  C(5C)-O 1.463(6) 
 O(1B)-B 1.460(5)  C(5D)-O 1.445(6) 
  
Bond Angles 
S(1A)-Ni-S(1B) 99.12(4)   N(1A)-Ni-N(1B) 94.43(11) 
S(1A)-Ni-O 83.58(7) O(1A)-N(1A)-Ni1 22.7(2)   
S(1B)-Ni-O 83.94(8) O(1B)-N(1B)-Ni1 21.3(2) 
S(1B)-Ni-N(1B) 83.30(8) C(2A)-N(1A)-O(1A) 113.6(3) 
N(1B)-Ni-O(1W) 93.02(13) C(2B)-N(1B)-O(1B) 113.7(3) 
O(1W)-Ni-O 171.01(13)  
 
 
a Parentheses contain estimated standard deviation in the least significant digit
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6.5.  Electronic Spectra 
 The spectroscopic data are summarized in Table 6.4. and examples 
Nickel(II) spectra are given in Figure 6.5. 
Nickel(II) complexes: 






3A2g).  With donor atoms from row-
3 and beyond, the Ni(II) spectra become less straightforward to interpret.  
Generally, it is known that only two d-d transitions are observed when 
thioether donors are present, the highest energy band (3T1g(P)ß
3A2g) 
becoming obscured by the charge-transfer processes (~400nm)35.  Two 
other problems are often encountered in Ni(II)-thioether and nitrogen 
containing systems which are interrelated; (a) The mathematical relationships 
involving spectral transitions and the ligand field parameters break down if 
there are row-3 donors in the coordination sphere36, (b) The lowest energy 
band (3T2gß
3A2g) often exhibits a double-humped shape due to mixing with a 
close-lying spin-forbidden transition (1Egß
3A2g) through spin-orbit  
coupling 37, 38.  These problems make it difficult to obtain values for 10Dq as 
well as B.  Hancock and coworkers have attempted to tackle the problem of 
determining 10Dq by "deconvoluting" the low energy spin-allowed (10Dq) 
from the spin-forbidden transition and the method has been used to interpret 
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the spectra of other hexacoordinate Ni(II) systems with thioether and 
nitrogen donors36,39.  The empirically derived expression used to extract the 
10Dq value from spectra where mixing occurs is as follows36: 
10Dq = 10630 + 1370 e1/e2 
where e1 is the extinction coefficient of the observed 1Egß3A2g transition and 
e2 is the extinction coefficient of the observed3T2gß3A2g.   
In the nickel complexes discussed in this study, only the first two d-d 
transitions (n1, n2) are observed.  The transition n1 is split into a double-
humped peak, which can be interpreted as indicated above, but attempts to 
calculate the Racah B parameter produced values which were physically 
unrealistic for those reasons.  The values obtained for 10Dq (10,400 - 13500 
cm-1) are reasonable for pseudo-octahedral high-spin Ni(II) complexes with 
strong in-plane fields7, 40, 41.  The values of 10Dq are larger for those 
compounds which possess an axial thioether relative to those with ether axial 
donors.  This difference is due to the larger ligand field strength of thioether 
donors compared to ether or tertiary amine donors 38. 
Copper(II) complexes: 
 Optical spectral data for the Cu(II) complexes are given in Table 6.4.   
The spectra are generally consistent with those for Cu(II) having N,S-
coordination.  The complexes exhibit two ligand-field bands.  For those 
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compounds with axial sulfur donors, one ligand-field band is centered 
around 570 nm, and the other, less intense band around 890 nm on average.  
Replacing the axial S(thioether) by O(ether) shifts the ligand field bands to 
around 418nm and 600 nm.  This shift is consistent with a lower ligand field 
induced by oxygen donors compared to sulfur donors, within a 
pentacoordinate Cu(II) complex with strongly interacting in-plane donors40.  
The bands between 329-394 nm are due to S®Cu(II) charge transfer42, 43. 
 Two sulfur LMCT bands are observed in the complexes where a proton 
resides on one or both oximes (in CH3CN or DMF only), whereas in the 
BF2
+ macrocycles, only one sulfur LMCT band is evident.  Aoi et al. noted 
that acetonitrile or DMF coordination tends to shift charge transfer bands to 
longer wavelengths44. ESR evidence also supports the conclusion that 
solvents may displace endogenous ligand donors from their positions as seen 








































Figure 6.5.  Electronic Spectrum of [Ni(TtoxBF2)]
+ showing the mixing of 
the 3T2gß
3A2g and the 
1Egß
3A2g transitions as well as the 
3T1g(F)ß
3A2g (a) in 




Table 6.4.  Electronic absorption spectra.   




b CH3CN 991 sh (15), 870 (26), 515 (24) 11900  







971 sh (18), 868 (30), 520 (23) 
                
11800 
 
 CH3NO2 964 sh (24), 895 (30), 528 (20) 11000  













 CH3NO2 963 sh (18), 838 (22), 549 (44) 10900  












 CH3NO2 1038 (7.2), 855 (6.4), 788 (6.6), 552 (18) 10400  












 CH3NO2 975 sh (14), 893 (14), 542(44) 13500  












 CH3NO2  10700  







906 (79), 550 (458), 419 (345), 341 (562) 
  
 CH3NO2 882 (84), 551 (532), 399 (1781)   
 DMF 814 sh (40), 550 sh (228), 429 (993), 332 (1375)   




Table 6.4.  Electronic absorption spectra (continued)   







878 (115), 565 (373.0), 346 (1080) 
 
 CH3NO2 882 (130), 563 (438), 394 (1890)  
 DMF 883 (77), 572 (221), 347 (2300)  







605 (553), 424 (555), 373 (942), 329 (1080) 
 
 CH3NO2 570 (334), 415 (1075)  
 DMF 819 sh (66), 568 (232), 419 sh (631), 339 (1200)  







572 (187), 342 (1374) 
 
 CH3NO2 743 sh (89), 569 (234), 394 (1310)  
 DMF 797 (42), 588 (141.3), 342 (3610)  







908 (203), 547 (1167), 429 (825), 344 (1570) 
 CH3NO2 890 (111), 550 sh (724), 414 (2020) 
 DMF 789 (107), 556 sh (685), 424 (1090), 330 (1540) 






865 (122), 570 (309), 349 (1120) 
 CH3NO2 863 (190), 570 (325), 392 (1910) 
 DMF 874 (84), 572 (208), 348 (1720) 
 solid state 910, 570, 370 
   
Cu(CF3SO3)2 DMF 809 (30), 265 (2550) 
 
  aSolid-state data from diffuse reflectance in MgCO3 matrix; 
b insoluble in MeNO2; 
 cn2 values in nickel solid state spectra are obsured by instrument artifacts; d10Dq values for 




 A synopsis of the electrochemical data is given in Table 6.5.  Figure 6.6. 
shows a cyclic voltammogram with both the oxidation and reduction for 
[Ni(TtoxH2)]ClO4.H2O.  Many oxime-containing ligands stabilize Ni(III), and 
Ni(IV) as well as Cu(III), which usually have six donor atoms in the case of 
nickel and four in the case of copper49-55.  Here we looked at the redox 
properties of Ni(II) and Cu(II) complexes with ligands that have five donors. 
These combine the effects of  (i) imino oxime nitrogen donors with  (ii) 
thioether sulfurs and (iii) either H-bond oxime quasi-macrocyclization or 
covalent macrocyclization (with BF2
+).  It is generally observed that for 
Ni(II)/Ni(I) redox couples, larger numbers of thioether donors tend to 
relatively stabilize the formation of Ni(I)7, 56-58, whereas larger numbers of 
imino-nitrogen donors tend to stabilize Ni(III)58, 59.  Higher oxidation states of 
nickel are commonly accessible in systems with oximato-nitrogen donors, as 
a result of the coulombic influence of the negative charge on the HOMO 
energy60 and of s-donation effects52.  
In both the copper and nickel complexes, the BF2
+-macrocyclized 
complexes are reduced more readily than the H-bonded, which is directly 
related to the electron withdrawing ability of BF2
+ relative to H+.  This effect 
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is an order of magnitude larger in the case of the copper complexes,  
presumably due to the combination of the inductive effect with structural 
factors associated with replacing H+ by BF2
+.  The redox chemistry of the 
nickel complexes reveals that the ligands presented in this paper are capable 
of stabilizing both Ni(I) and Ni(III) due to the simultaneous influences of 
three thioether sulfur donors and the anionic nature of the ligand. Generally 
the reduction and oxidation waves are quasi-reversible (ipa/ipc approaches 
unity only at scan rates >300mV/sec), likely as a result of carbon-sulfur bond 
cleavage, at least in the oxidized species, and coordinative instability of the 
Cu(I) species.  From this study, it can be inferred that both axial thioether 
and tertiary amine donors tend to stabilize Ni(III) relative to axial ether.  The 
stabilization is probably due to the ability of thioether or amine donors to 
more strongly interact with nickel(II).  It is this “pre-organization” of the 
coordination sphere which stabilizes the nickel(III) form, since most 
nickel(III) complexes tend to be octahedral (chapter 4).  The axial ligand has 
little effect on the stabilization of Ni(I), where coordination number plays a 
very small role (chapter 4).  The stabilization of both Ni(I) and Ni(III) by the 
same ligand is quite uncommon.  Studies of Ni(II) complexes for which 
reversible or quasi-reversible Ni3+/Ni2+, and Ni+2/Ni+ couples are observed 
commonly show differences between these two processes (Eoxid-Ered) varying 
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from 1.8 to 2.6 V39, 40, 61-63.  In the nickel complexes reported here only those 
with three thioether donors show both Ni3+/Ni2+ and Ni+2/Ni+ processes.  The 
differences between the  
oxidation and reduction  waves vary from 1.88V for 
[Ni(MeTtoxH)]ClO4.H2O (1.92 V for [Ni(TtoxH)]ClO4.H2O) to 2.1 V (for 
[Ni(BzamtoxH)]ClO4.2H2O) 2.2V for [Ni(TtoxBF2)]ClO4.0.5 CH3OH. 
The copper complexes exhibit only a reduction wave, at quite negative 
(the H-bonded oximes) to slightly negative potentials (BF2
+-bridged oximes).  
Most of the reductions are irreversible, as the Cu(I) forms are unstable 
toward conversion to Cu(0) which tends to plate out on the electrode 
surface.  This is in contrast with [Cu(Cyclops)]+ 72, which forms a stable 
Cu(I) complex at –0.40 V vs. SCE (-0.70 vs. the non-aqueous Ag/Ag+ 
electrode45) Those complexes which exhibit quasi-reversible reductions both 
have three thioether donors and also are macrocyclized by BF2
+ 
([Cu(TtoxBF2)]BF4 and [Cu(MeTtoxBF2)]BF4).  The effect of the BF2
+ 
bridge is fairly constant for all of the compounds: replacing the oxime-H by 
BF2
+ stabilizes Cu(I) by about 700-900 mV relative to oxime-H.  This effect 
is unexpectedly large compared with what has previously been observed for 
[Cu(PreH)]+ and  
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[Cu(cyclops)]+ 72 possibly due to the combined structural and electronic 









Figure 6.6.  Cyclic voltammogram of [Ni(TtoxH)]ClO4.H2O in 
MeCN/NBu4PF6 showing both the reduction and oxidation waves.  The 
reductive wave is at a 100 mVs-1 scan rate and the oxidative wave at 1000 






Table 6.5. Electrochemical Data for the Complexes in CH3CN solution. 
 
 E½ (Volts)
a    E½ (Volts)
a  












-1.09           0.71 
 
+1.11 
     
 0.82 
 
























     1.31h 








-1.17           0.96 
 
















Table 6.5. Electrochemical Data for the Complexes in CH3CN solution (continued) 
 E½ (Volts)
a    E½ (Volts)
a 














    2.23h 
 
[Cu(TtoxBF2)]BF4
d, f  
 










c, d, g 
 


















    1.56h 
    
{[Cu(MeTtoxH)](ClO4)
.[Cu(MeTtoxH2)](ClO4)2}
c, d,g -0.90               -       -  -     1.92h 
     
[Cu(MeTtoxBF2)]BF4
f -0.17          0.82       -  -     1.63h 
a E½  vs. Ag
+ (0.01 M, 0.1M NEt4ClO4, CH3CN)/Ag with Pt electrode. This electrode is at ca. +0.540V vs. the SHE
45. 
b 0.1M NEt4ClO4 supporting electrolyte.  All electrochemistry was performed in CH3CN.     
c required addition of 1 eq triethylamine to observe Cu(II) à Cu(I) reduction for singly deprotonated form.  
 Half singly-deprotonated forms show irreversible redox  
 processes at : +0.20 V for {[Cu(OdtoxH)](ClO4)
.[Cu(OdtoxH2)](ClO4)2}, and +0.33V for {[Cu(MeTtoxH)](ClO4)
.[Cu(MeTtoxH2)](ClO4)2}. 
d Cu(I) is generally unstable and is rapidly converted to Cu(0): [Cu(TtoxBF2)]BF4 E½  ~ -0.93 V; {[Cu(OdtoxH)](ClO4)
.[Cu(OdtoxH2)](ClO4)2}  
E½  ~ -1.8V; [Cu(OdtoxBF2)]BF4 
. 0.5H2O E½  ~ -1.3 V; {[Cu(MeTtoxH)](ClO4)
.[Cu(MeTtoxH2)](ClO4)2} E½  ~ -1.8V  from rde polarogram. 
e Dh in g cm s-2;  h(1M TEAP in CH3CN) =0.00380 g cm-1 s-1 
f reversible or quasi-reversible cyclic voltammetry46. 
g E½  and
 Dh obtained from rde polarogram, estimate of Dh obtained according to Levich47, 48.  
h for MIIàMI 
i for MIIàMIII 
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6.7. ESR Spectra 
 The EPR spin-Hamiltonian parameters for the copper(II) complexes are 
given in Table 6.6.  An example of the ambient temperature and 77K solution 
spectra are given in Figure 6.7.  The EPR parameters, particularly the A|| and 
g|| -values of the Cu(II) complexes, are notably similar to each other and 
rather independent of axial donor type.  As these values are controlled 
principally by the equatorial plane donors, this indicates a commonality in the 
detailed equatorial stereochemistry as well as of equatorial donor type.  All 
the values of g||>g^ indicate a dx2-y2 ground state, which is typical for 
tetragonal copper complexes.  As a result of the strong equatorial donor 
dominance, the complexes exhibit axial spectra in all but one case (solid state 
spectrum of [Cu(TtoxBF2)]BF4).  It has been advanced that interpretability in 
terms of structure is vitiated by exchange interactions when axial spectra with 
gmin>2.04 are observed, this is particularly so when G<4 
64, 65.  However, 
within the limits of our data analyses (including simulations) these sulfur-
containing coordination spheres frequently elicit G-values ranging from 2.04 
to 4.2 even in solution, so we conclude that exchange interations are not 
necessarily obscurative for the neat powders of these compounds unless 
G<2.0466.  The lack of rhombic splitting in most of the spectra coincides 
with weak axial donors for the square pyramidal
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structures, as revealed by the x-ray crystallographic studies of 
[Cu(MeTtoxH)]ClO4 and [Cu(OdtoxH)]ClO4
.[Cu(OdtoxH2)](ClO4)2.  The 
large values of |A||| as well as the relatively lower values of (g||-2)/|A||| (7.8-
12.6) also betoken tetragonal stereochemistry in solution and most of the 
solids67.  Further evidence for the persistence of tetragonal coordination over 
a wide temperature range in solution is provided by the similarity between the 
go values near 295 K and the <g> values at 77 K.  In addition,  the majority 
of the Cu(II) complexes exhibit nitrogen superhyperfine features in both the 
cryogenic glass and in the room temperature fluid spectra, indicating that the 
geometric relationships amongst the Cu and N-orbitals are preserved over 
this wide range of conditions.  The five nitrogen superhyperfine lines 
observed mirror the two nitrogen donors, the coupling constants being 
similar to those of other tetragonal Cu(II) complexes with N/S donor sets64.  
The replacement of the oxime proton by BF2
+ seems to have little effect on 
the values of |A||| or g^ as occurs in some Cu(II)-BF2 macrocyclized 






Figure 6.7.  ESR spectra of [Cu(MeTtoxBF2)]BF4 in 1:10 BuOH/DMF. (A) 
Room temperature (295 K) fluid spectrum (9.464 GHz.).  (B) 77 K cryogenic 







Table 6.6.  
Electron Spin Resonance Data. 
      
       
Complex Mediuma go
c .104 x |Ao|
b 
(cm-1)c 
.104 x |Ao(N)| 
(cm-1)c 
g| |
c .104 x |A| | | 
(cm-1)d 
       
[Cu(TtoxH)]ClO4 DMF 2.050      77 12 2.163      200
b 
 solid    2.17  
[Cu(TtoxBF2)]BF4 DMF 2.057      77 
d 2.167      212b 
 solid    g3= 2.12   g1 =  2.04  
[Cu(OdtoxH)](ClO4)· [Cu(OdtoxH2)](ClO4
)2 
DMF 2.060      80 11 2.170      219b 
 solid    2.17  
[Cu(OdtoxBF2)]BF4·  0.5 H2O DMF 2.074      77 
d 2.210      232b 
 solid      
[Cu(MeTtoxH)](ClO4)· [MeTtoxH2)](ClO4
)2 
DMF 2.055      77 15 2.196      155b 
 solid    2.21  
[Cu(MeTtoxBF2)]BF4 DMF 2.057      80 17 2.165      208
b 





Table 6.6.  
Electron Spin Resonance Data (continued) 
 
Complex Mediuma g^c .104 x |A^|  
(cm-1)c 
.104 x |Ao(N)| 
(cm-1)c 
     
[Cu(TtoxH)]ClO4 DMF 2.08       16
b 18 
 solid 2.05   
[Cu(TtoxBF2)]BF4 DMF 2.06       9
b d 
 solid g2= 2.07   
[Cu(OdtoxH)](ClO4)· [Cu(OdtoxH2)](ClO4)
2 
DMF 2.07       10b 18 
 solid 2.05   
[Cu(OdtoxBF2)]BF4·  0.5 H2O DMF 2.07       6 18 
 solid    
[Cu(MeTtoxH)](ClO4)· [MeTtoxH2)](ClO4)
2 
DMF 2.08       8b 20 
 solid 2.05   
[Cu(MeTtoxBF2)]BF4 DMF 2.06       16
b 15 




a 10% BuOH/DMF was used as solvent for ambient-T isotropic as well as 77 K cryogenic spectra (Spectra were identical in pure DMF, but the  
    addition of 10% BuOH provided superior glassing properties).  Solid state spectra were obtained from neat powders at 77 K.  
 b copper hyperfine coupling parameter.  
 cgo , Ao from RT fluid spectra; g||, A||, g^  from 77K, g^  value obtained via simulation; A^ via 3Ao=A||+2A^.  go, g|| ± 0.005; 10





+-macrocyclization does however seem to play a structural role; 
replacement of an H-bonded oxime linkage by a covalently bridged BF2
+ 
oxime causes the donor atoms to become closer to Cu(II), and as a 
consequence increases the interaction between Cu(II) and the axial donor. 
This effect is evidenced by the large decrease in |A^| upon  
macrocyclization 70.  In [Cu(TtoxBF2)]BF4 the axial thioether sulfur is 
brought sufficiently close to the metal to manifest itself as a rhombic 
distortion in the powder spectrum (rhombicity index R=0.6)71.  The absence 
of rhombic features in the cryogenic spectra provides evidence for weaker 
axial coordination and or coordination of solvent molecules to yield a 
octahedral-like species.  Further evidence for a solvent coordination role is 
provided by the presence of a minor species at g|| ~ 2.6 (A|| ~155)  in those 
compounds without the BF2
+ bridge.  The minor species, which is not 
Cu(DMF)n2+, is attributed to a [Cu(L)(DMF)x]
+ adduct, and is also observed 
in the optical spectra of these complexes (vide supra). 
 
6.8. Concluding Comments. 
 Addition of a fifth donor atom to thioether-oxime ligands transforms the 
nickel(II) chelates from S=0 to S=1 systems.  However, variation of this 
donor atom generally has little further effect upon the electronic properties of 
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the Ni(II) and Cu(II) complexes.  When the fifth donor atom in the ligand is 
thioether sulfur, the resulting nickel complexes are capable of supporting 
Ni(I) and Ni(III).  For copper, the redox chemistry is not affected to any 
great extent by variation in the axial donor.  BF2
+-macrocyclization enforces 
the in-plane coordination in both the nickel and copper complexes.  The 
strong in-plane effect is evident in the optical and ESR spectal data.  The 
replacement of H+ by BF2
+ stabilizes the formation of M(I); this effect is 
most evident for the Cu(II) complexes.  By understanding what role a fifth 
donor atom has upon the structure and reactivity of thioether oxime 
complexes, we hope to be able to further understand what effect ligand 
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 Appendix A 





Here is reported for the first time a model which incorporates zero-field 
splitting for an S=1 isoceles triangular magnetic scheme. 
  Some models only incorporate ZFS into the non-zero ground term thus 
simplifying the mathematics [Escuer, A.; Font-Baría, M.; Kumar, S. B.; 
Solans, X.; Vicente, R. Polyhedron 1999, 18, 909.].  Here is presented a 
magnetic model for a S=1 isosceles triangle based on Kambe’s method 
which incorporates zero field splitting into all non-zero spin states.   
Below are shown illustrations of the S levels being split by the zero field 





























































[)( 2 +-= SSMDZFSE S     (1) 
where MS’ = -S, -(S-1),…(S-1), S 
The Hamiltonian then becomes 
)1(3
1[)ˆˆ(2)]ˆˆ()ˆˆ[(2 21331322112 +-+×-×+×-= SSMDSSJSSSSJH S  
Each of the ST states of multiplicity of 3 (2S+1) is split by ZFS.  With 
corresponding energy terms which depend not only on J (J12 or J32) and J’ 

























c   (3) 
 Where ai = 6 MS
2 ,  and bi = 1 if MS = 0 and 2 if MS ¹ 0 
 
The values of all parameters and energies for the model are given in Table 
XXX.  The equation can be simplified due to the presence of zero 





Table A.1. Parameter and Energy values for ZFS S=1 trimer model. 
ST, S23 ai bi Ei MS 
0, 1 0 1 +4J+2J’ 0 
1,0 6 2 +4J’+1/3D ±1 
 0 1 +4J’-2/3D 0 
1,1 6 2 (+2J+2J’)+1/3D ±1 
 0 1 (+2J+2J’)-2/3D 0 
2, 1 24 2 (-2J+2J’)+2D ±2 
 6 2 (-2J+2J’)+D ±1 
 0 1 (-2J+2J’)-2D 0 
1, 2 6 2 (+6J-2J’)+1/3D ±1 
 0 1 (+6J-2J’)-2/3D 0 
2,2 24 2 (-2J+2J’)+2D ±2 
 6 2 (-2J+2J’)+D ±1 
 0 1 (-2J+2J’)-2D 0 
3, 2 54 2 (-4J-2J’)+5D ±3 
 24 2 (-4J-2J’)-0D ±2 
 6 2 (-4J-2J’)-3 D ±1 
 0 1 (-4J-2J’)-4D 0 
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Table B.1. Crystallographic Data for Chapter 3. 
_____________________________________________________________ 
 
   [Cu(DtdoH)]ClO4  [Cu(Thyclops)]ClO4 
 
 
formula C11H21ClCuN2O6S2 C11H20BClCuF2N2O6S2  
fw 440.41 488.21 
cryst system monoclinic monoclinic 
cryst size, mm 0.15 x 0.54 x 0.21 0.15 x 0.83 x 0.43 
space group P21/n P21/c 
a, Å 7.4566(9) 15.0454(11) 
b, Å 20.947(2) 9.9656(8) 
c, Å 11.8939(13) 13.7135(10) 
b, deg 103.792(9) 113.933(5) 
V, Å3 1804.2(3) 1879.4(2) 
Z 4 4 
rcalc, g cm
-3 1.621 1.725 
F(000) 908 996 
m, mm-1 1.618 1.576 
l (Mo-Ka), Å 0.71073 0.71073 
T, K 293(2) 293(2)  
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Ra, Rwb 0.0452; 0.1167 0.0359; 0.0893 
 
aR = S||Fo| - |Fc|| / S|Fo|.  
bRw = [Sw(|Fo| - |Fc|)2 / Sw(Fo)2]1/2. 
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Table B.2. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Cu(DtdoH)]ClO4.  U(eq) is defined 
as one third of the trace of the orthogonality Uij tensor. 
 
 
               x       y      z  U(eq) 
 
Cu          1710(10)  736(1)   5345(1)  35(1) 
 
S(1a)  4618(1) 936(1)  6464(1) 46(1) 
 
S(1b)  2497(1) 1010(1) 3673(1) 41(1) 
 
Cl  10340(2) 3565(1) 5970(1) 67(1) 
 
O(11)  11403(11) 2939(3) 5365(8) 193(4) 
 
O(12)  11513(11) 2505(3) 7024(6) 211(4) 
 
O(13)  10022(6) 1984(2) 5392(4) 101(1) 
 
O(14)  8799(6) 2925(2) 6012(4) 94(1) 
 
O(1a)  -779(4) 584(1)  6911(2) 51(1) 
 
O(1b)  -2085(3) 345(1)  4788(2) 36(1) 
 
N(1a)  1019(4) 729(1)  6867(2) 40(1) 
 
N(1b)  -792(4) 652(1)  4333(2) 33(1) 
 
C(1a)  2060(6) 920(2)  7813(3) 51(1) 
 
C(11a)  1400(6) 995(4)  8900(4) 95(2) 
 
C(2a)  4034(6) 1097(2) 7851(3) 57(1) 
 
C(21a)  5429(9) 776(4)  8823(5) 92(2) 
 
C(3a)  5301(6) 1732(2) 6072(4) 55(1) 
 
C(1b)  -1248(5) 850(2)  3283(3) 37(1) 
 
C(11b)  -3139(5) 765(2)  2526(3) 49(1) 
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C(2b)  173(5)  1210(2) 2815(3) 48(1) 
 
C(21b)  76(8)  1100(4) 1548(4) 86(2) 
 
C(3b)  3572(6) 1793(2) 3933(4) 53(1) 
 




Symmetry transformations used to generate equivalent atoms:  
#1 -x, -y, -z+1       
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Cu-N(1B)  1.972(3)  Cu-N(1A)  1.996(3) 
 
Cu-S(1B)  2.2776(9)  Cu-O(1B)#1  2.293(2) 
 
Cu-S(1A)  2.2957(10)  S(1A)-C(2A)  1.836(4) 
 
S(1A)-C(3A)  1.837(4)  S(1B)-C(3B)  1.819(4) 
 
S(1B)-C(2B)  1.838(4)  C1-O(12)  1.352(6) 
 
C1-O(14)  1.385(4)  C1-O(13)  1.390(4) 
 
C1-O(11)  1.424(6)  O(1A)-N(1A)  1.388(4) 
 
O(1B)-N(1B)  1.372(3)  O(1B)-Cu#1  2.293(2) 
 
NC1A)-C(1A)  1.271(5)  N(1B)-C(1B)  1.282 (4) 
 
C(1A)-C(11A)  1.497(6)  C(1A)-C(2A)  1.508(6) 
 
C(2A)-C(21A)  1.515(7)  C(3A)-C(4)  1.520(6) 
 
C(1B)-C(11B)  1.492(5)  C(1B)-C(2B)  1.511(5) 
 
C(2B) -C(21B)  1.509(6)  C(3B) -C(4)  1.509(6)
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N(1B) -Cu-N(1A) 98.16(11) N(1B)-Cu-S(1B) 83.84(8) 
 
N(1A)-Cu-S(1B) 165.86(9) N(1B)-Cu-O(1B)#1 89.00(9) 
 
N(1A)-Cu-O(1B)#1 96.70(10) S(1B)-Cu—O(1B)#1 97.34(6) 
 
N(1B)-Cu-S(1A) 174.43(8) N(1A)-Cu-S(1A) 83.59(9) 
 
S(1B)-Cu-S(1A) 93.19(4) O(1B)#1-Cu-S(1A) 96.07(6) 
 
C(2A)-S(1A)-C(3A) 101.6(2) C(2A)-S(1A)-Cu 99.26(13) 
 
C(3A)-S(1A)-Cu 107.41(14) C(3B)-S(1B)-C(2B) 102.0(2) 
 
C(3B)-S(1B)-Cu 105.88(14) C(2B)-S(1B)-Cu 97.85(11) 
 
O(12)-C1-O(14) 112.1(4) O(12)-C1-O(13) 111.9(3) 
 
O(14) -C1-O(13) 116.7(3) O(12) -C1-O(11) 101.8 (6) 
 
O(14)-C1-O(11) 106.6(4) O(13)-C1-O(11) 106.4(3) 
 
N(1B)-O(1B)-Cu#1 109.0(2) C(1A)-N(1A)-O(1A) 115.3(3) 
 
C(1A)–N(1A)-Cu 124.4(3) O(1A)-N(1A)-Cu 119.8(2) 
 
C(1B)-N(1B)-O(1B) 119.1(3) C(1B)-N(1B)-Cu 123.9(2) 
 
O(1B)-N(1B)-Cu 116.9(2) N(1A)-C(1A)-C(11A) 122.7(4) 
 
N(1A)-C(1A)-C(2A) 119.3(3) C(11A)-C(1A)-C(2A) 117.9(4) 
 
C(1A)-C(2A)-C(21A) 113.7(4) C(1A)-C(2A)-S(1A) 111.5(3) 
 
C(21A)-C(2A)-S(1A) 109.7(4) C(4)-C(3A)-S(1A) 111.9(3) 
 
N(1B)-C(1B)-C(11B) 122.8(3) N(1B)-C(1B)-C(2B) 118.3(3) 
 
C(11B)-C(1B)-C(2B) 118.9(3) C(21B)-C(2B)-C(1B) 114.9(4) 
 
C(21B)-C(2B)-S(1B) 109.5(3) C(1B)-C(2B)-S(1B) 109.5(2) 
 
C(4)-C(3B)-S(1B) 111.8(3) C(3B)-C(4)-C(3A) 115.8(3) 
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Table B.5. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] of the non-Hydrogen atoms for 
[Cu(Thyclops)]ClO4.  U(eq) is defined as one third of the trace of the 
orthogonality Uij tensor. 
 
 
          x           y         z      U(eq) 
 
Cu -2376(1) 5838(1) 794(1) 31(1) 
 
Cl -6434(1) 9343(1) -3370(1) 61(1) 
 
S(1A) -2091(1) 3750(1) 1567(1) 41(1) 
 
8(13) -3814(1) 5872(1) 1002(1) 39(1) 
 
7(1) -1516(2) 7547(2) -660(1) 58(1) 
 
7(2) -439(2) 9073(2) 449(2) 67(1) 
 
O(1A) -476(1) 6997(2) 1085(2) 44(1) 
 
O(1B) -1802(2) 8647(2) 686(2) 44(1) 
 
O(11) -6091(4) 8471(5) -3956(3) 129(2) 
 
O(12) -5652(3) 10007(5) -2538(3) 126(2) 
 
O(13) -6948(3) 8613(4) -2894(3) 93(1) 
 
O(14) -7036(3) 10335(4) -4077(2) 98(1) 
 
N(1A) -963(2) 5843(2) 1139(2) 35(1) 
 
N(1B) -2544(2) 7805(2) 643(2) 35(1) 
 
B -1074(3) 8052(3) 360(3) 40(1) 
 
C(1A) 653(2) 4837(4) 1768(3) 57(1) 
 
C(2A) -414(2) 4815(3) 1493(2) 39(1) 
 
C(3A) -872(2) 3520(3) 1612(3) 46(1) 
 
C(4A) -950(4) 2517(4) 727(4) 74(1) 
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C(5A) -1851(3) 4369(4) 2909(2) 50(1) 
 
C(6) -2795(3) 4774(4) 2997(2) 53(1) 
 
C(1B) -3440(3) 9900(3) 497(4) 59(1) 
 
C(2B) -3314(2) 8412(3) 582(2) 38(1) 
 
C(3B) -4169(2) 7579(3) 526(2) 43(1) 
 
C(4B) -4929(3) 7476(4) -629(3) 59(1) 
 




Symmetry transformations used to generate equivalent atoms:  
#1 –x-1, y-1/2, -z-1/2  #2  -x-1, y+1/2, -z-1/2       
 220 
Table B.6. Bond distances [Å] for [Cu(Thyclops)]ClO 4. 
 
       
 
Cu-N (1B)  1.977(2) Cu-N(1A)  1.981(2) 
 
Cu-O(14)#1  2.211(3) Cu-S (1B)  2.2952 (8) 
 
Cu-S(1A)  2.2953(8) Cl-O(13)  1.400(3) 
 
Cl-O(11)  1.415(4) Cl-O(14)  1.423(3) 
 
C1-O(12)  1.426(4) S(lk)-C(3A)  1.824(3) 
 
S(1A)-C(5A)  1.833(3) S(1B)-C(3B)  1.822(3) 
 
S(1B) -C(5B)  1.826 (3) F(1)-B   1.378 (4) 
 
F(2)-B   1.368(4) O(lA)-N(lA)  1.382(3) 
 
O(1A) -B  1.475(4) O(1B) -N(1B)  1.379 (3) 
 
0(1B)-B  1.467(4) O(14)-Cu#2  2.211(3) 
 
N(1A) -C(2A)  1.282 (4) N(1B) -C(2B)  1.279(4) 
 
C(lA)-C(2A)  1.493(4) C(2A)-C(3A)  1.502(4) 
 
C(3A)-C(4A)  1.539(5) C(5A)-C(6)  1.528(5) 
 
C(6)-C(5B)  1.521(5) C(1B)-C(2B)  1.493(4) 
 
C(2B)-C(3B)  1.507 (4) C(3B) -C(4B)  1.535(5)  
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Table B.7. Bond angles [o] for [Cu(Thyclops)]ClO4. 
 
 
N(1B)-Cu-N(lA) 95.87(9) N(1B)-Cu-O(14)#1 97.75(12) 
 
N(1A) -Cu-O(14) #1 100.51 (13) N(1B)-Cu-S (1B) 84.87 (7) 
 
N(1A) -Cu-S (1B) 160.82 (7) O(14)#1-Cu-S (1B) 98.37(11) 
 
N(1B)-Cu-S (1A) 159.90 (7) N(1A) -Cu-S (1A) 84.89(7) 
 
O(14)#1-Cu-S (1A) 101.86 (10) S(1B)-Cu-S (1A) 87.97 (3) 
 
O(13) -Cl-O(11) 110.1(3) O(13) -Cl-O(14) 111.0 (3) 
 
O(11)-Cl-O(14) 108.5(2) O(13)-C1-O(12) 107.5(2) 
 
O(11)-C1-O(12) 111.5(3) O(14)-Cl-O(12) 108.3(3) 
 
C(3A) -S(1A)-C(5A) 102.88(16) C(3A) -S(1A) -Cu 97.23 (9) 
 
C(5A) -S(1A)-Cu 94.74(11) C(3B) -S(1B) -C(5B) 102.95 (15) 
 
C(3B) -S(1B)-Cu 97.10(10) C(5B) -S(1B)-Cu 96.27(11) 
 
N(1A)-O(1A)-B 116.0(2) N(1B) -O(1B)-B 115.6(2) 
 
C1-O(14)-Cu#2 138.8 (2) C(2A) -N(1A) -O(1A) 114.3 (2) 
 
C(2A)-N(1A)-Cu 123.5(2) O(1A)-N(lA)-Cu 122.00(16) 
 
C(2B)-N(1B)-O(1B) 114.2(2) C(2B)-N(1B)-Cu 123.4(2) 
 
O(1B)-N(1B)-Cu 122.14(17) F(2)-B-F(1) 113.2(3) 
 
F(2)-B-0(1B) 104.7(2) F(1)-B-O(1B) 110.2(3) 
 
F(2) -B-0(1A) 104.9(3) F(1)-B-O(1A) 109.6(3) 
 
O(1B) -B-0(1A) 114.2(3) N(1A)-C(2A)-C(1A) 123.1(3) 
 
N(1A)-C(2A)-C(3A) 118.3(3) C(1A)-C(2A)-C(3A) 118.6(3) 
 
C(2A)-C(3A)-C(4A) 111.4(3) C(2A)-C(3A)-S(1A) 112.8(2) 
 
C(4A)-C(3A)-S(1A) 107.5(3) C(6)-C(5A)-S(1A) 110.9(2) 
 
C(5B)-C(6)-C(5A) 117.0(3) N(1B)-C(2B)-C(1B) 123.9(3) 
 
N(1B)-C(2B)-C(3B) 118.3(3) C(1B)-C(2B)-C(3B) 117.7(3) 
 
C(2B)-C(3B)-C(4B) 110.6(3) C(2B)-C(3B)-S(1B) 112.1(2) 
 
C(4B)-C(3B)-S(1B) 107.1(2) C(6) -C(5B) -S(1B) 110.9 (2) 
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Table B.8. Crystallographic Data for Chapter 4. 
_____________________________________________________________ 
 
   [Ni3(DtoxH)2(Dtox)](ClO4)2·  CH3CN. 
 
 
Formula  C26H47Cl2N7O14Ni3S6  
fw  1121.1  
cryst system  monoclinic  
cryst size, mm  0.53 x 0.47 x 0.33  
space group  P21/n  
a, Å  12.295(2)  
b, Å  17.360(2)  
c, Å  20.764(2)  
a, deg  90 
b, deg  94.080(10) 
g, deg  90 
V, Å3  4420.7(6)  
Z  4  
rcalc, g cm
-3  1.684  
F(000)  2312 
m, mm-1  1.735  
l (Mo-Ka), Å  0.71073  
T, K  293(2)   
Ra, Rwb  0.0508; 0.1028  
 
aR = S||Fo| - |Fc|| / S|Fo|.  
bRw = [Sw(|Fo| - |Fc|)2 / Sw(Fo)2]1/2.  
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Table B.9. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni3(DtoxH)2(Dtox)](ClO4)2·  




                    x        y        z    U(eq) 
 
        C(2C)         8919(8)    4376(6)     4478(3)     90(4) 
  
        C(3A)        4708(5)     3379(4)     933(3)     50(2) 
  
        C(3B)         5760(6)     5482(3)     3952(3)     53(2) 
  
        C(3C)         9626(6)     5044(4)     3484(3)     71(3) 
  
        C(4A)         3623(5)     4805(4)     653(3)     57(3) 
  
        C(4B)         4019(5)     4476(4)     4136(3)     52(2) 
  
        C(4C)         10630(5)     4629(4)     2355(4)     66(3) 
  
        C(5A)         3242(5)     4887(4)     1324(3)     58(3) 
  
        C(5B)         3479(5)     4521(4)     3460(3)     49(2) 
  
        C(5C)         10637(5)     3779(4)     2528(4)    67(3) 
  
        C(6A)         4263(6)     6308(4)     1645(3)    60(3) 
  
        C(6B)         3678(5)     2926(3)     3231(3)     51(2) 
  
        C(6C)         9466(6)     3338(4)     1387(3)     63(3) 
  
        C(7A)         5258(5)     6512(3)     1310(3)     46(2) 
  
        C(7B)         4655(5)     2453(3)     3447(3)     45(2) 
  
        C(7C)         8706(5)     3931(4)     1072(3)     52(2) 
  
        C(8A)         5 410(7)     7327(4)     1101(4)     69(3) 
  
        C(8B)         4474(7)     1635(4)     3646(4)     70(3) 
  
        C(8C)         8703(7)     4052(6)     356(3)     84(3) 
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        C(l1)         7114(2)   19722(14)  -65(10)   1018(10) 
  
        O(11)         8272(3)     2014(3)    63(2)     117(2) 
  
       *O(12)         6641(5)     2710(4)     44(8)     109(8) 
  
       *O(12A)        6831(5)    2199(14)    -719(4)      28(3) 
  
       *O(12C)       6859(4)     1459(8)    -594(6)     74(5) 
  
       *O(13)         6865(4)    1747(10)    -722(3)     61(5) 
 
       *O(13A)        6596(4)    2477(11)     364(8)    109(12) 
  
       *O(13C)        6697(5)     2724(3)    -226(9)    181(11) 
  
       *O(14)         6678(5)     1415(8)     356(6)     100(8) 
  
       *O(14A)        6757(5)     1198(4)    31(12)      33(4) 
  
       *O(14C)        6627(5)    1694(10)     496(3)    0.267(17) 
  
        N(15)         1532(8)     3648(7)     362(5)     0.138(5) 
  
        C(15)         1551(9)     3028(8)     224(5)     0.102(5) 
  
       *C(#2)   129(2)     2220(9)     92(8)     106(7) 
  
       *C(#1)         209(4)    2305(16)    74(14)    121(13) 
  
        C(l2)         2355(2)   16736(11)    17588(9)    0.0678(7) 
  
        O(21)         2825(7)     1248(4)     1266(3)     0.148(4) 
  
        O(22)         2778(5)     1357(4)     2358(3)     0.110(3) 
  
        O(23)         2634(5)     2457(3)     1714(3)     0.104(3) 
  
        O(24)         1229(4)     1589(4)     1698(3)     0.111(3) 
 
  
Starred Atom sites have a S.O.F less than 1.0
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Table B.10. Bond distances [Å] for [Ni3(DtoxH)2(Dtox)](ClO4)2·  CH3CN. 
 
 
          
Ni(1)-S(1A)       2.4091(17)       C(l2)-O(23)         1.407(6) 
  
         Ni(1)-S(2A)       2.4496(18)       C(l2)-O(21)         1.418(7) 
  
        Ni(1)-O(1B)         2.058(4)       C(l2)-O(22)        1.424(7) 
  
         Ni(1)-O(2C)         2.006(4)       C(l2)-O(24)         1.389(6) 
  
        Ni(1)-N(1A)         2.038(5)       S(1A)-C(4A)         1.800(7) 
  
         Ni(1)-N(2A)         2.045(5)       S(1A)-C(3A)          1.822(7) 
  
        Ni(2)-S(1C)       2.4397(18)       S(1B)-C(4B)         1.794(6) 
  
         Ni(2)-S(2C)       2.4364(18)       S(1B)-C(3B)         1.805(6) 
  
         Ni(2)-O(1A)         2.091(4)       S(1C)-C(3C)         1.824(7) 
  
         Ni(2)-O(1B)         2.062(4)       S(1C)-C(4C)         1.803(7) 
  
        Ni(2)-N(1C)         2.035(4)       S(2A)-C(6A)             1.819(7) 
  
         Ni(2)-N(2C)         2.028(4)       S(2A)-C(5A)             1.805(7) 
  
         Ni(3)-S(1B)       2.4502(16)       S(2B)-C(5B)         1.807(7) 
  
         Ni(3)-S(2B)       2.4689(17)       S(2B)-C(6B)         1.810(6) 
  
         Ni(3)-O(1A)         2.066(4)       S(2C)-C(6C)         1.804(6) 
  
         Ni(3)-O(1C)         2.019(4)       S(2C)-C(5C)         1.821(7) 
  
         Ni(3)-N(1B)         2.038(5)       O(1A)-N(1A)        1.390(6) 
  
         Ni(3)-N(2B)         2.045(5)       O(1B)-N(1B)        1.394(6) 
  
         C(l1)-O(12A)       1.432(11)       O(1C)-N(1C)        1.359(6) 
  
         C(l1)-O(12C)       1.431(13)       O(2A)-N(2A)        1.397(7) 
  
         C(l1)-O(13)         1.431(8)       O(2B)-N(2B)        1.390(7) 
  
         C(l1)-O(13A)       1.431(16)       O(2C)-N(2C)        1.369(6) 
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         C(l1)-O(13C)        1.433(7)       N(1A)-C(1A)        1.277(7) 
  
         C(l1)-O(11)         1.432(4)       N(1B)-C(1B)        1.272(7) 
  
         C(l1)-O(12)         1.431(8)       N(1C)-C(1C)        1.275(8) 
  
         C(l1)-O(14C)        1.431(9)       N(2A)-C(7A)        1.270(8) 
  
         C(l1)-O(14)        1.433(13)       C(1S)-C(#2)          1.46(2)      
  
         C(l1)-O(14A)        1.432(8)       C(#1)-C(1S)          1.46(4)      
  
         N(2B)-C(7B)         1.261(8)       C(7C)-C(8C)         1.501(9)      
          
N(2C)-C(7C)         1.277(8)       C(7B)-C(8B)         1.500(9)      
  
         N(1S)-C(1S)        1.114(18)       C(7A)-C(8A)  1.496(9)      
  
         C(1#)-C(1A)         1.503(7)       C(6C)-C(7C)        1.508(10)      
  
         C(1A)-C(3A)         1.502(9)       C(6B)-C(7B)               1.497(8)      
  
         C(1B)-C(3B)         1.502(9)       C(6A)-C(7A)               1.492(9)      
  
         C(1B)-C(2#)         1.489(9)       C4C-C5C                    1.519(10)      
  
         C(1C)-C(2C)         1.517(9)       C(4B)-C(5B)              1.511(9)      
  
         C(1C)-C(3C)        1.487(10)       C(4A)-C(5A)             1.508(9)      
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Table B.11. Bond angles [o] for [Ni3(DtoxH)2(Dtox)](ClO4)2·  CH3CN. 
 
 
     S(1A)-Ni-S(2A)          87.72(6)    O(1B)-Ni(2)-N(2C)        91.76(19) 
  
     S(1A)-Ni(1)-O(1B)      168.95(11)    N(1C)-Ni(2)-N(2C)         172.2(2) 
  
     S(1A)-Ni(1)-O(2C)       90.72(12)    S(1B)-Ni(3)-S(2B)         86.21(6) 
  
     S(1A)-Ni(1)-N(1A)       81.80(13)    S(1B)-Ni(3)-O(1A)       167.43(11) 
  
     S(1A)-Ni(1)-N(2A)       97.00(13)    S(1B)-Ni(3)-O(1C)       88.31(12) 
  
     S(2A)-Ni(1)-O(1B)       95.95(11)    S(1B)-Ni(3)-N(1B)        81.60(13) 
  
     S(2A)-Ni(1)-O(2C)      163.11(12)    S(1B)-Ni(3)-N(2B)        98.76(13) 
  
     S(2A)-Ni(1)-N(1A)      102.10(12)    S(2B)-Ni(3)-O(1A)       102.44(11) 
  
     S(2A)-Ni(1)-N(2A)       79.48(14)    S(2B)-Ni(3)-O(1C)       163.27(12) 
  
     O(1B)-Ni(1)-O(2C)       88.73(16)    S(2B)-Ni(3)-N(1B)       100.06(12) 
  
     O(1B)-Ni(1)-N(1A)       87.24(15)    S(2B)-Ni(3)-N(2B)        78.81(14) 
  
     O(1B)-Ni(1)-N(2A)      93.93(16)    O(1A)-Ni(3)-O(1C)        85.76(16) 
  
     O(2C)-Ni(1)-N(1A)       94.31(15)    O(1A)-Ni(3)-N(1B)        87.85(16) 
  
     O(2C) –Ni(1)-N(2A)       84.02(17)    O(1A)-Ni(3)-N(2B)        91.93(16) 
  
     N(1A)-Ni(1)-N(2A)      177.94(18)    O(1C)-Ni(3)-N(1B)        94.74(15) 
 
     S(1C)-Ni(2)-S(2C)        87.92(6)    O(1C)-Ni(3)-N(2B)        86.44(17) 
  
     S(1C)-Ni(2)-O(1A)      168.90(12)    N(1B)-Ni(3)-N(2B)       178.78(18) 
  
     S(1C)-Ni(2)-O(1B)       91.14(11)    O(13C)-C(l1)-O(14C)        109.5(9) 
  
     S(1C)-Ni(2)-N(1C)       81.39(15)    O(11)-C(l1)-O(12C)        109.6(3) 
  
     S(1C)-Ni(2)-N(2C)       94.40(15)    O(11)-C(l1)-O(13)         109.5(3) 
  
     S(2C)-Ni(2)-O(1A)       99.83(11)    O(11)-C(l1)-O(13A)        109.5(5) 
  
     S(2C)-Ni(2)-O(1B)      172.97(13)    O(11)-C(l1)-O(13C)     109.4(4) 
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     S(2C)-Ni(2)-N(1C)       91.93(15)    O(11)-C(l1)-O(14)         109.3(4) 
  
     S(2C)-Ni(2)-N(2C)       81.37(15)    O(11)-C(l1)-O(14A)        109.4(4) 
  
     O(1A)-Ni(2)-O(1B)       82.13(14)    O(11)-C(l1)-O(14C)        109.5(3) 
  
     O(1A)-Ni(2)-N(1C)       90.34(18)    O(12)-C(l1)-O(13)         109.5(9) 
 
O(1A)-Ni(2)-N(2C)       94.63(18)    O(12)-Cl-O(14)         109.5(7) 
  







Table B.12. Crystallographic Data for Chapter 5.  
______________________________________________________________________________________________________ 
                [Ni(DtoxH2)(H2O)2](ClO4)2 [Ni(DtudH2)(HOPhCO2)2]       [Ni(MedtdoH)]ClO4 
 
formula C8H18Cl2N2NiO11S2 C23H27N2NiO8S2 C13H25ClN2NiO6S2 
fw 511.97 582.30 463.63 
cryst system monoclinic orthorhombic monoclinic 
cryst size, mm 0.06x 0.47 x 0.17 0.35 x 0.23 x 0.18 0.23 x 0.25 x 0.04 
space group P21/n P21212 P21/c 
a, Å 12.8559(10) 12.2257(6) 6.6688(6) 
b, Å 9.0399(7) 12.3617(6) 13.6637(12) 
c, Å 16.5679(16) 8.8841(4) 21.1585(18) 
b, deg 100.190(7) 90 97.670(2) 
V, Å3 1895.1(3) 1342.66(11 ) 1910.7(3) 
Z 4 2 4 
rcalc, g cm
-3 1.794 1.440 1.612 
F(000) 1048 606 968 
m, mm-1 1.581 0.926 1.405 
l (Mo-Ka), Å 0.71073 0.71073 0.71073 
T, K 293(2) 293(2) 93(2) 
Ra, Rw








 Table B.13. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni(DtoxH2)(H2O)2](ClO4)2.  U(eq) 




                    x        y        z    U(eq) 
 
Ni        10000 10000 9917(1) 34(1) 
S 11269(1) 9339(1) 11807(2) 71(1) 
O 8588(3) 7983(3) 9408(4) 63(1) 
O(1) 11045(2) 9482(2) 8244(3) 50(1) 
O(2) 12524(2) 10501(2) 8207(4) 86(1) 
O(3) 11090(3) 7681(3) 6909(5) 88(1) 
N 9552(2) 8384(2) 10015(3) 41(1) 
C(1) 12502(3) 8944(3) 6717(4) 49(1) 
C(2) 12026(3) 7985(4) 6327(4) 57(1) 
C(3) 12525(5) 7297(5) 5253(7) 83(2) 
C(4) 13482(5) 7609(6) 4603(5) 88(2) 
C(5) 13984(5) 8563(5) 4977(6) 87(2) 
C(6) 13516(4) 9240(4) 6016(5) 71(1) 
C(7) 12004(3) 9696(3) 7803(4) 47(1) 
C(1A) 10196(3) 7637(3) 10447(4) 48(1) 
C(2A) 9968(5) 6452(3) 10284(6) 78(1) 
C(3A) 11256(3) 7980(3) 11125(5) 57(1) 
C(4A) 10312(7) 9090(6) 13431(5) 111(3) 
C(5A) 10000 10000 14234(11) 119(3) 
 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y+2,z       
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Ni-O(1)#1  2.061(2) 
Ni-O(1)  2.061(2) 
Ni-N#1  2.073(3) 
Ni-N  2.073(3) 
Ni-S#1  2.4279(11) 
Ni-S  2.4279(11) 
S-C(3A)  1.786(4) 
S-C(4A)  1.884(7) 
O-N  1.388(4) 
O(1)-C(7)  1.265(4) 
O(2)-C(7)  1.235(4) 
O(3)-C(2)  1.311(6) 
N-C(1A)  1.274(5) 
C(1)-C(2)  1.365(6) 
C(1)-C(6)  1.434(6) 
C(1)-C(7)  1.472(5) 
C(2)-C(3)  1.416(7) 
C(3)-C(4)  1.360(8) 
C(4)-C(5)  1.370(9) 
C(5)-C(6)  1.372(7) 
C(1A)-C(3A)  1.491(6) 
C(1A)-C(2A)  1.498(5) 
C(4A)-C(5A)  1.385(7) 
C(5A)-C(4A)#1  1.385(7) 
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Table B.16. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni(DtudH2)(HOPhCO2)2].  U(eq) is 
defined as one third of the trace of the orthogonality Uij tensor. 
 
 
                 x        y        z  U(eq) 
 
        Ni                  10000           10000    9916(5)    34(2) 
  
        S          11269(10)    9339(9)   11807(15)    71(4) 
  
        O            8588(3)     7983(3)     9408(4)   63(1) 
  
        O(1)          11045(2)     9482(2)     8244(3)    50(7) 
  
        O(2)          12524(2)     10501(2)     8207(4)   86 (1) 
  
        O(3)          11090(3)     7681(3)     6909(5)   88(1) 
  
        N            9552(2)     8384(2)     10015(3)    41(7) 
  
        C(1)          12502(3)     8944(3)     6717(4)   49(1) 
  
        C(1A)         10196(3)     07637(3)     10447(4)   48(1) 
  
        C(2)          12026(3)     7985(4)     6327(4)   57 (1) 
  
        C(2A)        9968(5)     6452(3)     10284(6)   79(2) 
  
        C(3)          12525(5)     7297(5)     5253(7)     83(2) 
  
        C(3A)         11256(3)     7980(3)     11125(5)   57(1) 
  
        C(4)          13482(5)     7609(6)     4603(5)     88(2) 
 
        C(4A)         10312(7)     9090(6)     13431(5)     11(3) 
  
        C(5)          13984(5)     8563(5)     4977(6)   87(2) 
  
        C(5A)                 10000             10000    14234(11)     119() 
  
        C(6)          13516(4)     9240(4)     6016(5)   71(2) 
  





Table B.17. Bond distances [Å] for [Ni(DtudH2)(HOPhCO2)2].   
 
   
 
Ni-S          2.4279(13)       C(3)-C(4)          1.361(9) 
  
         Ni-O(1)           2.062(3)       C(4)-C(5)          1.370(9) 
  
         Ni-N            2.073(2)       C(4A)-C(5A)        1.386(9) 
  
         S-C(3A)          1.786(4)       C(5)-C(6)          1.371(7) 
  
         S-C(4A)          1.883(7)        N-C(1A)          1.273(4)      
 
         O-N            1.388(4)       C(1)-C(6)          1.435(6)      
  
         O(1)-C(7)          1.264(4)       C(1)-C(7)          1.472(5)      
  
         O(2)-C(7)         1.234(5)       C(1)-C(2)          1.365(6)      
  
         O(3)-C(2)         1.311(5)       C(1)A-C(3A)         1.491(5)      
  
         C(1A)-C(3A)  1.491(5)       C(1A)-C(2A)         1.498(5)      
  
C(2)-C(3)          1.416(7) 
         
  
         
  
 
         
  
         
  













Table B.18. Bond angles [o] for [Ni(DtudH2)(HOPhCO2)2].   
 
 
     
S-Ni-O(1)          89.89(8)   N-C(1A)-C(3A)          117.0(3) 
  
     S-Ni-N            79.38(8)    O(3)-C(2)-C(3)           118.0(5) 
  
     S-Ni-Sa          92.48(5)    C(1)-C(2)-C(3)           120.6(4) 
  
     S-Ni-O(1)a       177.51(8)    O(3)-C(2)-C(1)           121.4(4) 
  
     S-Ni-Na          97.25(8)    C(2)-C(3)-C(4)           119.1(6) 
  
     O(1)-Ni-N       83.96(10)    S-C(3A)-C(1A)          114.4(3) 
  
     Sa-Ni-O(1)    177.51(8)    C(3)-C(4)-C(5)           121.7(6) 
  
     O(1)-Ni-O(1)a  87.76(10)    S-C(4A)-C(5A)          115.6(5) 
  
    O(1)-Ni-Na        99.55(10)    C(4)-C(5)-C(6)           120.1(5) 
  
     Sa-Ni-N           97.25(8)    C(4A)-C(5A)-C(4A)a  118.0(8) 
  
     O(1)a-Ni -N          99.55(10)    C(1)-C(6)-C(5)           119.8(5) 
  
     N-Ni-Na        175.18(11)    O(1)-C(7)-C(1)           117.0(3) 
  
     Sa-Ni-O(1)a        89.89(8)    O(2)-C(7)-C(1)           119.1(3) 
  
     Sa-Ni-Na          79.38(8)    O(1)-C(7)-O(2)           123.8(3) 
  
     O(1)a-Ni-Na       83.96(10)    Ni-S-C(3A)         94.36(14)    
    
     Ni-S-C(4A)         100.8(2)    C(3A)-S-C(4A)           95.8(3)    
 
     Ni-O(1)-C(7)          137.1(2)    Ni-N-C(1A)          123.3(2)    
   
     O-N-C(1A)         112.5(3)        Ni-N-O             123.5(2)   
  
     C(2)-C(1)-C(6)         118.7(4)   C(6)-C(1)-C(7)           118.7(3)    
  
     C(2)-C(1)-C(7)         122.6(3)    N-C(1A)-C(2A)          124.4(4)    
 




Table B.19. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni(MedtdoH)]ClO4.  U(eq) is 
defined as one third of the trace of the orthogonality Uij tensor. 
 
 
          x                y                 z   U(eq) 
 
Ni   1033(3)   3682 (2)   4498 (9)  11(1)  
 
Cl   4696(6)  5241(3)   1536 (2)  20(1)  
 
S(1A)   -610(6)   2742 (3)   3796(19)  14(1)  
 
S(1B)   1305(6)   2616(3)   5253 (19)  13(1)  
 
O(1)   4456(2)   6100(1)   1135(1)  46(1)  
 
O(2)   5088(3)   5536(2)   2188(8)  57(1)  
 
O(3)   6360(2)   4676(1)   1369(8)  33(3)  
 
O(4)   2848(2)   4673(9)   1433(7)  24(1)  
 
O(1A)  846(18)   5586(8)   3953(6)  15(1)  
 
O(1B)   2311(18)   5502(8)   5058(6)  15(1)  
 
N(1A)   706(2)    4614(1)   3821(7)  13(1)  
 
N(1B)   2440(2)   4509(1)   5130(6)  12(1)  
 
C(1A)   152(3)    5111(13)   2702(8)  19(1)  
 
C(2A)   337(2)    4374(1)   3226(8)  14(3)  
 
C(3A)   227(3)    3291(1)   3071(8)  17(3)  
 
C(4A)   -1391(3)   3052(14)   2506(9)  29(5)  
 
C(5A)   2327(3)   2946(14)   2955(9)  23(4)  
 
C(6A)   426(3)    1512(1)   3817 (8)  18(3)  
 
C(7)   436(3)    1031(1)   44690(8)  18(1)  
 




C(2B)   3422(2)   4201(1)   5662(8)  13(1)  
 
C(3B)   3550(2)   3105(12)   5775(8)  14(1)  
 
C(4B)   3265(3)   2839(1)   6451(8)  20(1)  
 
C(5B)   5542(3)   2694(1)   5602(9)  19(1)  
 












































Ni-N(1B) 1.900(2) O(1B)-N(1B) 1.367(2) 
 
Ni-N(1A) 1.909(1)  N(1A)-C(2A) 1.292(2) 
 
Ni-S(1B) 2.150(1)  N(1B)-C(2B) 1.294(2) 
 
Ni-S(1A) 2.150(2)  C(1A)-C(2A) 1.490(2) 
 
Cl-O(2) 1.428(2)  C(2A)-C(3A) 1.515(2) 
 
Cl-O(3) 1.434(2)  C(3A)-C(5A) 1.528(3) 
 
Cl-O(1) 1.445(2)  C(3A)-C(4A) 1.536(3) 
 
Cl-O(4) 1.448(1)  C(6A)-C(7) 1.525(2) 
 
S(1A)-C(6A) 1.815(2)  C(7)-C(6B) 1.530(3) 
 
S(1A)-C(3A) 1.858(2)  C(1B)-C(2B) 1.491(2) 
 
S(1B)-C(6B) 1.819(2)  C(2B)-C(3B) 1.517(2) 
 
S(1B)-C(3B) 1.861(2)  C(3B)-C(5B) 1.530(3) 
 























N(1B)-Ni-N(1A) 97.36(6) O(1B)-N(1B)-Ni 119.59(10) 
 
N(1B)-Ni-S(1B) 84.00(4) N(1A)-C(2A)-C(1A) 122.58(15) 
 
N(1A)-Ni-S(1B) 178.20(5) N1A-C2A-C3A 117.09(15) 
 
N(1B)-Ni-S(1A) 178.79(4) C(1A)-C(2A)-C(3A) 120.22(14) 
 
N(1A)-Ni-S(1A) 83.24(4) C(2A)-C(3A)-C(5A) 108.47(14) 
 
S(1B)-Ni-S(1A) 95.38(2) C(2A)-C(3A)-C(4A) 112.59(14) 
 
O(2)-Cl-O(3) 109.97(11) C(5A)-C(3A)-C(4A) 111.87(16) 
 
O(2)-Cl-O(1) 109.22(11) C(2A)-C(3A)-S(1A) 103.16(11) 
 
O(3)-Cl-O(1) 108.76(9) C(5A)-C(3A)-S(1A) 113.03(13) 
 
O(2)-Cl-O(4) 109.84(10) C(4A)-C(3A)-S(1A) 107.47(12) 
 
O(3)-Cl-O(4) 110.22(8) C(7)-C(6A)-S(1A) 112.17(12) 
 
O(1)-Cl-O(4) 108.80(8) C(6A)-C(7)-C(6B) 113.05(14) 
 
C6A-S1A-C3A 103.87(8) N1B-C2B-C1B 122.16(15) 
 
C(6A)-S(1A)-Ni 112.24(6) N(1B)-C(2B)-C(3B) 117.97(14) 
 
C(3A)-S(1A)-Ni 98.52(6) C(1B)-C(2B)-C(3B) 119.87(14) 
 
C(6B)-S(1B)-C(3B) 105.60(8) C(2B)-C(3B)-C(5B) 110.91(13) 
 
C(6B)-S(1B)-Ni 111.05(6) C(2B)-C(3B)-C(4B) 111.77(14) 
 
C(3B)-S(1B)-Ni 100.31(5) C(5B)-C(3B)-C(4B) 111.13(14) 
 
C(2A)-N(1A)-O(1A) 116.62(14) C(2B)-C(3B)-S(1B) 103.72(10) 
 
C(2A)-N(1A)-Ni 123.40(12) C(5B)-C(3B)-S(1B) 112.47(11) 
 









Table B.22.  Crystallographic Data for Chapter 6. 
______________________________________________________________________________________ 
                                      [Cu(TtoxH)]ClO4              [Cu(OdtoxH)]ClO4.[Cu(OdtoxH2)](ClO4)2        Ni(OdtoxBF2)]ClO4.2H2O 
_______________________________________________________________________________________ 
formula C10H19ClN2O6CuS3 C10H19.5Cl1.5N2O9CuS3 C10H22BClF2N2NiO9S2 
 
fw 458.44 524.70 521.39 
cryst system orthorhombic monoclinic monoclinic 
cryst size, mm 0.06x 0.47 x 0.17 0.30 x 0.88 x 0.50 0.1 x 0.36 x 0.36 
space group Pbcm C2/m P21/c 
a, Å 5.4075(17) 13.877(2) 13.7476(10) 
b, Å 14.043(4) 11.448(2) 8.3275(6) 
c, Å 21.650(6) 12.693(2) 17.4205(12) 
b, deg 90 113.376(14) 100.6690(10) 
V, Å3 1644.0(8) 1850.9(6) 1959.9(2) 
Z 4 4 4 
rcalc, g cm
-3 1.852 1.833 1.767 
F(000) 940 1004 1072 
m, mm-1 1.901 1.668 1.405 
l (Mo-Ka), Å 0.71073 0.71073 0.71073 
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T, K 293(2) 293(2) 223(2) 
Ra, Rw
b 0.0426; 0.0837 0.0529; 0.1386 0.0523; 0.1476 
 
aR = S||Fo| - |Fc|| / S|Fo|.  





Table B.23. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Cu(TtoxH)]ClO4.  U(eq) is defined 
as one third of the trace of the orthogonality Uij tensor. 
 
 
           x         y       z   U(eq) 
 
Cu 554(1) 4224(1) 7500 23(1) 
     
Cl 6387(3) 0.75 5000 36(1) 
     
S(1) -2023(2) 3648(1) 6719(1) 31(1) 
     
S(2) 2898(3) 2704(1) 7500 32(1) 
     
O 4274(6) 5449(2) 6939(1) 41(1) 
     
O(11) 4907(8) 7086(3) 4529(2) 74(1) 
     
O(12) 7905(8) 6781(3) 5264(2) 74(1) 
     
N 2224(6) 4922(2) 0.6811(2) 27 (1) 
     
C(1) 2861(10) 5334(4) 5719(2) 42(1) 
     
C(2) 1568(8) 4862(3) 6242(2) 28(1) 
     
C(3) -704(9) 4303(4) 6087(2) 45(2) 
     
C(4) -1074(12) 2432(5) 6649(3) 37(2) 
     
C(5) 1649(12) 2244(5) 6770(3) 42(2) 
     
C(4A) -140(40) 2589(12) 6490(8) 38(5) 
     
C(5A) 870(30) 2000(12) 7005(8) 35(5) 
 
Symmetry transformations used to generate equivalent atoms:  
#1 x, y, -z+3/2  #2 x, -y+3/2, -z+1       
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Cu-N#1 2.001(3) S(1)-C(3) 1.797(4) 
    
Cu-N 2.001(3) S(1)-C(4A) 1.869(15) 
    
Cu-S(1) 2.3353(12) S(2)-C(5A) 1.825(15) 
    
Cu-S(1)#1 2.3353(12) S(2)-C(5A)#1 1.825(15) 
    
Cu-S(2) 2.4822(18) S(2)-C(5) 1.836(6) 
    
Cl-O(11) 1.421(3) S(2)-C(5)#1 1.836(6) 
    
Cl-O(11)#2 1.421(4) O-N 1.361(4) 
    
Cl-O(12) 1.421(4) N-C(2) 1.284(5) 
    
Cl-O(12)#2 1.421(4) C(1)-C(2) 1.486(5) 
    
S(1)-C(4) 1.789(6) C(2)-C(3) 1.497(6) 
    
  C(4)-C(5) 1.519(8) 
    
  C(4A)-C(5A) 1.491(18) 









N#1-Cu-N 96.42(19) C(4A)-S(1)-Cu 98.2(6) 
    
N#1-Cu-S(1) 168.19(11) C(5A)#1-S(2)-C(5A) 72.0(12) 
    
N#1-Cu-S(1)#1 84.23(10) C(5A)#1-S(2)-C(5)#1 23.4(5) 
    
N-Cu-S(1) 84.23(10) C(5A)-S(2)-C(5)#1 95.4(7) 
    
N-Cu-S(1)#1 168.19(11) C(5A)#1-S(2)-C(5) 95.4(7) 
    
S(1)-Cu-S(1)#1 92.74(6) C(5A)#1-S(2)-C(5)#1 23.4(5) 
    
N#1-Cu-S(2) 101.02(10) C(5)#1-S(2)-C(5) 118.8(5) 
    
N-Cu-S(2) 101.02(10) C(5A)#1-S(2)-Cu 99.1(6) 
    
S(1)-Cu-S(2) 90.40(5) C(5A)-S(2)-Cu 99.1(6) 
    
S(1)-Cu-S(2) 90.40(5) C(5)#1-S(2)-Cu 96.6(2) 
    
O(11)#2-Cl-O(11) 111.4(4) C(5)-S(2)-Cu 96.6(2) 
    
O(11)#2-Cl-O(12) 109.1(2) C(2)-N-O 117.1(3) 
    
O(11)-Cl-O(12) 108.8(2) C(2)-N-Cu 123.9(3) 
    
O(11)#2-Cl-O(12)#2 108.8(3) O-N-Cu 118.8(2) 
    
O(11)-Cl-O(12)#2 109.1(2) N-C(2)-C(1) 124.8(4) 
    
O(12)-Cl-O(12)#2 109.5(4) N-C(2)-C(3) 118.4(4) 
    
C(4)-S(1)-C(3) 108.0(3) C(1)-C(2)-C(3) 116.7(4) 
    
C(4)-S(1)-C(4A) 20.3(6) C(2)-C(3)-S(1) 115.1(3) 
    
C(3)-S(1)-C(4A) 89.4(6) C(5)-C(4)-S(1) 115.5(5) 
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C(4)-S(1)-Cu 102.7(2) C(4)-C(5)-S(2) 116.3(5) 
    
C(3)-S(1)-Cu 97.90(16) C(5A)-C(4A)-S(1) 116.3(12) 
    
C(4)-C(5)-S(2) 116.3(5) C(4A)-C(5A)-S(2) 111.0(13) 
    
C(5A)-C(4A)-S(1) 116.3(12) N-C(2)-C(3) 118.4(4) 
    
C(2)-C(3)-S(1) 115.1(3) C(1)-C(2)-C(3) 116.7(4) 
    
C(5)-C(4)-S(1) 115.5(5)   
    
    
    
    
    




Table B.26. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Cu(OdtoxH)]ClO4
. 
[Cu(OdtoxH2)](ClO4)2.  U(eq) is defined as one third of the trace of the 
orthogonality Uij tensor. 
 
 
                x  y          z          U(eq) 
 
Cu -497 (1) 0 2129(1) 42 (1) 
 
Cl (1) 2069 (1) 5000 2578(1) 57 (1) 
 
Cl(2) 5000    0 5000 66(1) 
 
S (1) -143 (1) 1487 (1) 3471 (1) 82 (1) 
 
O 1303 (4)    0 2654 (5) 86(2) 
 
O(1) -1080(3) 1107(3) -137(3) 86(1) 
 
O(11) 2597 (4) 5000 1807 (4) 97(2) 
 
O(12) 2403(6) 4076(7) 3293(7) 213(4) 
 
O(13) 1010(4) 5000 2001(6) 161(4) 
 
O(21) 4283(9)    0 3770(9) 89(3) 
 
O(22) 4349(7) 1006(7) 4889(8) 113(3) 
 
O(23) 4439(19)    0 5669(18) 179(8) 
 
N(1) -842(2) 1309(3) 1021(3) 49(1) 
 
C(1) -915(3) 2374(3) 1266(4) 63(1) 
 
C(2) -1237(5) 3350(5) 425(8) 103(2) 
 
C(3) -670(5) 2652(5) 2489(6) 99(2) 
 
C(4) 1234(5) 1623(9) 3907(7) 118(3) 
 
C(5) 1675(5) 1173(10) 3146(8) 136(3) 
 
Symmetry transformations used to generate equivalent atoms:  










Cu-N(1)#1 1.979(3) Cu-N(1) 1.979(3) 
 
Cu-O 2.316(5) Cu-S(1) 2.3180(12) 
 
Cu-S(1)#1 2.3180(12) C1(1)-O(12)#2 1.351(5) 
 
C1(1)-O(12) 1.351(5) C1(1)-O(13) 1.358(6) 
 
C1(1) -O(11). 1.425 (5) C1(2) -O(23) 1.361(16) 
 
C1(2)-O(23)#3 1.361(16) C1(2)-O(22)#1 1.436(8) 
 
C1(2)-O(22)#4 1.436 (8) C1(2)-O(22) 1.436 (8) 
 
C1(2) -O(22)#3 1.436(8) C1(2) -O(21) 1.482 (10) 
 
C1(2) -O(21) #3 1.482 (10) S(1) -C(4) 1.772 (7) 
 
S(1) -C(3) 1.774 (7) O-C(S) 1.495 (9) 
 
O-C(5)#1 1.485(9) O(1)-M(1) 1.391(4) 
 
O(21)-O(23)#3 1.63(3) O(21)-O(22) 1.803(12) 
 
O(21) -O(22)#1 1.803 (12) O(22) -O(23) 1.492(14) 
 
O(22) -O(22)#4 1.71(2) O(23)-O(22)#1 1.492(14) 
 
O(23)-O(21)#3 1.63(2) N(1)-C(1) 1.273(5) 
 










N(1) #1-Cu-N(1) 98.36 (18) N(1) #1-Cu-O 97.65 (13) 
 
N(1)-Cu-O 97.65(13) N(1)#1-Cu-S(1) 177.14 (10) 
 
N(1) -Cu-S(1) 83.54(10) O-Cu-S(1) 84.18(10) 
 
N(1) #1-Cu-S (1)#1 83.54(10) N(1) -Cu-8(1) #1 177.14(10) 
 
O-Cu-S(1)#l 84.18(10) S(1)-Cu-S(1)#1 94.48(8) 
 
O(12)02-C1(1)-O(12) 103.2(9) O(12)#2-Cl(1)-O(13) 3.11.8(4) 
 
O(12)-C1(1)-O(13) 111.8(4) O(12)#2-Cl(1)-O(11) 109.2(4) 
 
O(12)-Cl(1)-O(11) 109.2(4) O(13)-C1(1)-O(11) 111.3(4) 
 
O(23)-C1(2)-O(23)#3 180.000(3) O(23)-C1(2)-O(22)#1 64.4(6) 
 
O(23)#3-Cl(2)-O(22)#1 115.6(6) O(23)-C1(2)-O(22)#4 115.6(6) 
 
O(23)#3-Cl (2) -O(22)#4 64.4(6) O(22)#1-Cl (2) -O(22) #4 180.0(8) 
 
O(23) -C1(2) -O(22) 64.4(6) O(23)#3-Cl(2)-O(22) 115.6(6) 
 
O(22)#1-Cl (2) -O(22) 106.7 (8) O(22)#4-Cl (2) -O(22) 73.3 (8) 
 
O(23) -C1(2) -0(22)#3 115.6 (6) O(23)#3-Cl(2) -O(22)#3 64.4 (6) 
 
O(22)01-Cl(2) -0(22)#3 73.3 (8) O(22)#4-Cl(2) -O(22)#3 106.7 (8) 
 
O(22) -C1(2) -O(22)#3 180.000 (2) O(23) -C1(2) -O(21) 110.2(11) 
 
O(23)#3-Cl(2) -O(21) 69.8(11) O(22)#1-C1(2) -O(21) 76.3(4) 
 
O(22)#4-C1.(2) -O(21) 103.7(4) O(22) -C1(2) -O(21) 76.3(4) 
 
O(22)#3-Cl(2)-O(21) 103.7(4) O(23)-Cl(2)-O(21)#3 69.8(11) 
 
O(23)#3-Cl(2) -O(21)#3 110.2(11) O(22)#1-C1(2) -O(21)#3 103.7(4) 
 
O(22)#4-Cl (2) -O(21) #3 76.3(4) O(22) -C1(2) -O(21) #3 103.7(4) 
 
O(22)#3-C1(2) -O(21)#3 76.3 (4) O(21) -C1(2) -O(21)#3 180.000 (2) 
 
C(4)-S(1)-C(3) 104.3(4) C(4)-S(1)-Cu 100.5(3) 
 
C(3) -8(1) -Cu 97.35(18) C(S) -O-C(5)#1 129.5(9) 
 




Cl(2) -O(21) -O(23)#3 51.6(7) C1(2)-O(21) -O(22) 50.7(4) 
 
O(23)#3-O(21) -O(22) 87.1(7) C1(2) -O(21) -O(22)#1 50.7(4) 
 
O(23)#3-O(21) -O(22)#1 87.1(7) O(22) -O(21) -O (22)#1 79.4(7) 
 
Cl(2) -O(22) -O(23) 55.4(7) Cl(2) -O(22) -O(22) #4 53.4(4) 
 
O(23) -O(22) -O(22)#4 94.9 (10) Cl(2) -O(22) -O(21) 53.0(4) 
 
O(23) -O(22) -O(21) 89.7 (7) O(22)#4-O(22)-0(21) 81.4(7) 
 
Cl(2)-O(23) -O(22) 60.2(7) C1(2) -O(23) -O(22)#1 60.2(7) 
 
O(22) -O(23) -O(22)#1 101.1(12) Cl(2) -O(23) -O(21) #3 58.6(9) 
 
O(22) -O(23) -O(21)#3 94.6 (10) O(22)#1-O(23)-O(21)#3 94.6 (10) 
 
C(1) -N(1) -O(1) 114.1(3) C(1)-N(1)-Cu 124.9(3) 
 
O(1)-N(1)-Cu 120.9(2) N(1)-C(1)-C(3) 116.9(4) 
 
N(l)-C(l)-C(2) 125.1(5) C(3)-C(1)-C(2) 117.9(5) 
 
C(1)-C(3)-S(1) 115.6(3)  C(5)-C(4)-S(1) 117.1(5) 
 




Table B.29. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni(OdtoxBF2)]ClO4
.2H2O.  U(eq) is 
defined as one third of the trace of the orthogonality Uij tensor. 
 
 
             x        y          z          U(eq) 
 
Ni      -3057 (1) 5355(1) 4230(1) 27 (1) 
 
Cl         -418(1) 5258(2) 8302(1) 98(1) 
 
S (lA)       -3163 (1) 8014(1) 3686(1) 39(1) 
 
S(1B)       -1232(1) 5140(1) &597(1) 41(1) 
 
F(1)       -4313(2) 2341(3) 3249(1) 42(1) 
 
F(2) -5449(2) 1459(3) 4067(1) 41(1) 
 
O -2902 (2) 4682 (3) 3107 (2) 37 (1) 
 
O(1A) -5166(2) 4098(3) 3969(2) 34(1) 
 
O(1B) -3896(2) 2203(3) 4629(2) 36(1) 
 
O(1W) -3156(2) 6295(4) 5297(2) 44(1) 
 
O(2W) -1531(4) 6730(11) 6350(3) 97(2) 
 
O(11)  -1206(3) 4842(5) 7705(3) 107(2) 
 
O(12)  378(6) 5834(17) 7985(6) 94(10) 
 
O(13)  -119(8) 3912(9) 8777(5) 61(4) 
 
O(14)  -729(7) 6468(11) 8774(5) 45(3) 
 
O(12A) -374(10) 6917(7) 8416(8) 131(10) 
 
O(13A) -535(8) 4486(17) 9000(4) 101(7) 
 
O(14A) 476(4) 4716(19) 8099(6) 99(9) 
 
O(12B) -780(8) 5700(20) 8974(4) 230(20) 
 




O(14B) 236(9) 3957(11) 8472(10) 280(30) 
 
N(1A) -4563 (2) 5421 (3) 3897 (2) 28(1) 
 
N(1B) -3028 (2) 3055 (4) 4626 (2) 30(1) 
 
C(1A) -6148(3) 6818(5) 3462(3) 42(1) 
 
C(2A) -5049(3) 6701(4) 3670(2) 33(1) 
 
C(3A) -4445(5) 8218(9) 3781(10) 40(4) 
 
C(3C) -4497(4) 8202(8) 3530(8) 34(3) 
 
C(4A) -2924(9) 7500(11) 2730(5) 48(3) 
 
C(5A) -3227(6) 5805(8) 2503(4) 40(2) 
 
C(4C) -3299(8) 7311(15) 2688(4) 40(3) 
 
C(5C) -2597(8) 5972(9) 2589(5) 40(2) 
 
C(1B) -2226(3) 726(6) 5362(3) 49(1) 
 
C(2B) -2247(3) 2352(5) 4999(2) 37(1) 
 
C(3B) -1285(3) 3238(6) 5094(3) 48(1) 
 
C(4B) -1036(10) 4212(16) 3708(6) 45(3) 
 
C(5B) -1952(8) 3630(20) 3162(13) 34(4) 
 
C(4D) -1046(9) 4784(13) 3621(5) 37(3) 
 
C(5D) -1870(7) 3880(20) 3111(15) 53(7) 
 









Ni-N(1B) 2.034(3) Ni-O(1W) 2.044(3) 
 
Ni-N(1A) 2.045(3) Ni-O 2.126(3) 
 
Ni-S(1B) 2.3995(10) Ni-S(1A) 2.4018(11) 
 
C1-O(12A) 1.395(5) C1-O(12) 1.399(5) 
 
C1-O(11) 1.400(3) C1-O(12B) 1.402(5) 
 
C1-O(14B) 1.404(5) C1-O(13) 1.408(5) 
 
C1-O(13A) 1.411(5) C1-O(13B) 1.412(5) 
 
C1-O(14A) 1.415(5) C1-O(14) 1.415(5) 
 
S(1A)-C(4A) 1.808(6) S(1A)-C(3A) 1.808(6) 
 
S (lA) -C(3C) 1.810 (5) S (lA) -C(4C) 1.811 (6) 
 
S(1B) -C (3B) 1..*04 (5) S(13)-C(4D) 1.819 (6) 
 
S(1B)-C(4B) 1.122(i) F(1)-B 1.382(5) 
 
F(2) -B 1.389(4) O-C(5D) 1.445(6) 
 
O-C(5A) 1.447(5) O-C(5B) 1.450(6) 
 
O-C(5C) 1.463 (6) O(1A) -N(1A) 1.398(4) 
 
O(1A) -B 1.475 (5) O(1B) -N(1B) 1.389(4) 
 
O(1B) -B 1.460 (5) N(1A) -C(2A) 1.280 (4) 
 
N(1B) -C(2B) 1.288(4) C(1A) -C(2A) 1.491(5) 
 
C(2A)-C(3A) 1.504(8) C(2A)-C(3C) 1.505(7) 
 
C(4A)-C(5A) 1.504(7) C(4C)-C(SC) 1.505 (7) 
 
C(1B)-C(2B) 1.493(6) C(2B)-C(3B) 1.497(6) 
 








N(1B)-Ni-O(1W) 93.02(13) N(13)-Ni-N(1A) 94.43(11) 
 
O(1W)-Ni-N(1A) 90.79(12) N(1B)-Ni-O 93.89(11) 
 
0(1W)-Ni-0 171.01(13) N(1A)-Ni-O 94.41(11) 
 
N(1B)-Ni-S(1B) 83.30(8) O(1W)-Ni-S(1B) 91.16(10) 
 
N(1A)-Ni-S(1B) 177.08(9) O-Ni-S(1B) 83.94(8) 
 
N(1B) -Ni-S (lA) 176.26 (8) O(1W) -Ni-S (lA) 89.79(11) 
 
N(1A) -Ni-S (lA) 83.06(8) O-Ni-S(1A) 83.58(7) 
 
S(1B)-Ni-S(1A) 99.12(4) O(12A)-C1-O(12) 72.6(7) 
 
O(12A)-C1-0(11) 111.0(4) O(12)-C1-O(11) 110.2(4) 
 
O(12A)-C1-O(123) 68.8(8) O(12)-C1-O(12B) 131.7(6) 
 
O(11)-C1-O(12B) 109.9(4) O(12A)-C1-O(14B) 136.5(6) 
 
O(12)-C1-O(14B) 80.2(8) O(11)-C1-O(14B) 110.0(4) 
 
O(12B)-C1-O(14B) 109.7(4) O(12A)-C1-O(13) 134.8(6) 
 
O(12) -C1-O(13) 109.8(4) O(11) -C1-O(13) 109.9(4) 
 
O(12B)-C1-O(13) 80.0(8) O(14B)-C1-O(13) 32.5(9) 
 
O(12A)-C1-O(13A) 109.8(4) O(12)-C1-O(13A) 136.0(6) 
 
O(11)-C1-O(13A) 109.4(4) O(12B)-C1-O(13A) 44.3(8) 
 
O(14B)-C1-O(13A) 68.8(8) O(13)-C1-O(13A) 36.7(7) 
 
O(12A)-C1-O(13B) 42.6(7) O(12)-C1-O(13B) 31.0(7) 
 
O(11)-C1-O(13B) 109.3(4) O(12B)-C1-O(13B) 109.0(4) 
 
O(143)-C1-O(13B) 108.9(4) O(13)-C1-O(13B) 133.3(6) 
 
O(13A)-C1-O(13B) 139.1(6) O(12A)-C1-O(14A) 109.5(4) 
 
O(12)-C1-O(14A) 39.7(7) O(11)-C1-O(14A) 108.9(4) 
 
O(123)-C1-O(14A) 138.7(6) O(14B)-C1-O(14A) 41.7(8) 
 




O(13B)-C1-O(14A) 70.4(7) O(12A)-C1-O(14) 39.0(7) 
 
O(12)-C1-O(14) 109.1(4) O(11)-C1-O(14) 109.5(3) 
 
O(12B)-C1-O(14) 30.5(7) O(14B)-C1-O(14) 132.7(7) 
 
O(13)-C1-O(14) 108.2(4) O(13A)-C1-O(14) 74.3(6) 
 
O(13B)-C1-O(14) 81.1(6) O(14A)-C1-O(14) 137.9(6) 
 
C(4A)-S(1A)-C(3A) 117.0(6) C(4A)-S(1A)-C(3C) 103.5(6) 
 
C(3A)-S(1A)-C(3C) 13.7(7) C(4A)-S(1A)-C(4C) 16.9(4) 
 
C(3A)-S(1A)-C(4C) 100.9(6) C(3C)-S(1A)-C(4C) 87.8(6) 
 
C(4A)-S(1A)-Ni 97.9(3) C(3A)-S(1A)-Ni 92.3(3) 
 
C(3C)-S(1A)-Ni 97.2(2) C(4C)-S(1A)-Ni 94.0(4) 
 
C(33) -S(1B) -C(4D) 108.7 (4) C(33) -S(1B) -C(4B) 92.9 (5) 
 
C(4D) -S(1B) -C(4B) 1S.8 (5) C(3B) -S(1B) -Ni 96.23 (13) 
 
C(4D)-S(1B)-Ni 96.7(4) C(4B)-S(1B)-Ni 98.6(5) 
 
C (SD) -O-C (5A) 122.8(13) C (5D) -O-C (SB) 10(2) 
 
C(5A)-O-C(5B) 130.6(12) C(5D)-O-C(5C) 94.2(12) 
 
C (5A) -O-C (5C) 34.5(4) C (SB) -O-C(5C) 103.9 (13) 
 
C(5D)-O-Ni 114.S(10) C(SA)-O-Ni 112.7(3) 
 
C(5B)-O-Ni 111.S(9) C(5C)-O-Ni 117.2(4) 
 
N(1A)-O(1A)-B 116.1(2) N(1B)-O(1B)-B 115.5(3) 
 
C(2A) -N(1A) -O(1A) 113.6(3) C(2A)-N(1A)-Ni 123.S(2) 
 
O(1A)-N(1A)-Ni 122.7(2) C(2B)-N(1B)-O(1B) 113.7(3) 
 
C(2B)-N(1B)-Ni 124.2(3) O(1B)-N(1B)-Ni 121.3(2) 
 
N(1A)-C(2A)-C(1A) 125.2 (4) N(1A)-C(2A)-C(3A) 114.6(5)__ 
 
C(1A)-C(2A)-C(3A) 119.1(4) N(1A)-C(2A)-C(3C) 119.S(4) 
 
C(1A)-C(2A)-C(3C) 11S.1(4) C(3A)-C(2A)-C(3C) 16.S(9) 
 
C(2A)-C(3A)-S(1A) 115.6(5) C(2A)-C(3C)-S(1A) 115.5(4) 
 




C (SC) -C (4C) -S(lA) 113.3(6) O-C (SC) -C (4C) 105.9(8) 
 
N(1B)-C(2B)-C(1B) 125.1(4) N(1B)-C(2B)-C(3B) 117.9(4) 
 
C(1B) -C(2B) -C(3B) 116.9(3) C(2B) -C(3B) -S(1B) 117.0(3) 
 
C(SB)-C(4B)-S(1B) 113.7(10) O-C(SB)-C(4B) 114.S(11) 
 
C(SD)-C(4D)-S(1B) 112.S(12) O-C(5D)-C(4D) 109.8(10) 
 
F(1)-B-F(2) 111.7(3) F(1)-B-O(1B) 110.8(3) 
 
F(2) -B-O(1B) 105.3 (3) F(1) -B-O(1A) 110.7 (3) 
 









Table C.1. Variable Temperature Magnetic Data for [Cu(DtdoH)]ClO4 
 
Temperature (K) cg (cm3 g-1) x 104 cm (cm3 mol-1) cmT (cm3 K mol-1) 
4.50 2.0774 0.1834 0.8252 
5.00 1.8718 0.1652 0.8259 
6.00 1.5599 0.1378 0.8262 
7.00 1.3322 0.1177 0.8238 
8.00 1.1605 0.1026 0.8204 
9.00 1.0289 0.0910 0.8187 
10.00 0.9225 0.0816 0.8160 
12.00 0.7623 0.0675 0.8100 
14.01 0.6510 0.0577 0.8086 
16.00 0.5669 0.0503 0.8046 
18.00 0.5014 0.0445 0.8014 
19.99 0.4493 0.0399 0.7985 
21.99 0.4070 0.0362 0.7964 
23.99 0.3720 0.0331 0.7946 
26.00 0.3423 0.0305 0.7933 
28.00 0.3170 0.0283 0.7919 
30.00 0.2952 0.0264 0.7909 
34.99 0.2516 0.0225 0.7882 
40.00 0.2192 0.0197 0.7868 
45.00 0.1941 0.0175 0.7854 
50.00 0.1741 0.0157 0.7847 
55.01 0.1578 0.0143 0.7842 
60.01 0.1441 0.0131 0.7834 
65.01 0.1325 0.0120 0.7823 
70.02 0.1228 0.0112 0.7827 
75.01 0.1144 0.0104 0.7826 
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Ra, Rwb 0.0452; 0.1167 0.0359; 0.0893 
 
aR = S||Fo| - |Fc|| / S|Fo|.  
bRw = [Sw(|Fo| - |Fc|)2 / Sw(Fo)2]1/2. 
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Table B.2. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Cu(DtdoH)]ClO4.  U(eq) is defined 
as one third of the trace of the orthogonality Uij tensor. 
 
 
               x       y      z  U(eq) 
 
Cu          1710(10)  736(1)   5345(1)  35(1) 
 
S(1a)  4618(1) 936(1)  6464(1) 46(1) 
 
S(1b)  2497(1) 1010(1) 3673(1) 41(1) 
 
Cl  10340(2) 3565(1) 5970(1) 67(1) 
 
O(11)  11403(11) 2939(3) 5365(8) 193(4) 
 
O(12)  11513(11) 2505(3) 7024(6) 211(4) 
 
O(13)  10022(6) 1984(2) 5392(4) 101(1) 
 
O(14)  8799(6) 2925(2) 6012(4) 94(1) 
 
O(1a)  -779(4) 584(1)  6911(2) 51(1) 
 
O(1b)  -2085(3) 345(1)  4788(2) 36(1) 
 
N(1a)  1019(4) 729(1)  6867(2) 40(1) 
 
N(1b)  -792(4) 652(1)  4333(2) 33(1) 
 
C(1a)  2060(6) 920(2)  7813(3) 51(1) 
 
C(11a)  1400(6) 995(4)  8900(4) 95(2) 
 
C(2a)  4034(6) 1097(2) 7851(3) 57(1) 
 
C(21a)  5429(9) 776(4)  8823(5) 92(2) 
 
C(3a)  5301(6) 1732(2) 6072(4) 55(1) 
 
C(1b)  -1248(5) 850(2)  3283(3) 37(1) 
 
C(11b)  -3139(5) 765(2)  2526(3) 49(1) 
 215 
 
C(2b)  173(5)  1210(2) 2815(3) 48(1) 
 
C(21b)  76(8)  1100(4) 1548(4) 86(2) 
 
C(3b)  3572(6) 1793(2) 3933(4) 53(1) 
 




Symmetry transformations used to generate equivalent atoms:  
#1 -x, -y, -z+1       
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Cu-N(1B)  1.972(3)  Cu-N(1A)  1.996(3) 
 
Cu-S(1B)  2.2776(9)  Cu-O(1B)#1  2.293(2) 
 
Cu-S(1A)  2.2957(10)  S(1A)-C(2A)  1.836(4) 
 
S(1A)-C(3A)  1.837(4)  S(1B)-C(3B)  1.819(4) 
 
S(1B)-C(2B)  1.838(4)  C1-O(12)  1.352(6) 
 
C1-O(14)  1.385(4)  C1-O(13)  1.390(4) 
 
C1-O(11)  1.424(6)  O(1A)-N(1A)  1.388(4) 
 
O(1B)-N(1B)  1.372(3)  O(1B)-Cu#1  2.293(2) 
 
NC1A)-C(1A)  1.271(5)  N(1B)-C(1B)  1.282 (4) 
 
C(1A)-C(11A)  1.497(6)  C(1A)-C(2A)  1.508(6) 
 
C(2A)-C(21A)  1.515(7)  C(3A)-C(4)  1.520(6) 
 
C(1B)-C(11B)  1.492(5)  C(1B)-C(2B)  1.511(5) 
 
C(2B) -C(21B)  1.509(6)  C(3B) -C(4)  1.509(6)
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N(1B) -Cu-N(1A) 98.16(11) N(1B)-Cu-S(1B) 83.84(8) 
 
N(1A)-Cu-S(1B) 165.86(9) N(1B)-Cu-O(1B)#1 89.00(9) 
 
N(1A)-Cu-O(1B)#1 96.70(10) S(1B)-Cu—O(1B)#1 97.34(6) 
 
N(1B)-Cu-S(1A) 174.43(8) N(1A)-Cu-S(1A) 83.59(9) 
 
S(1B)-Cu-S(1A) 93.19(4) O(1B)#1-Cu-S(1A) 96.07(6) 
 
C(2A)-S(1A)-C(3A) 101.6(2) C(2A)-S(1A)-Cu 99.26(13) 
 
C(3A)-S(1A)-Cu 107.41(14) C(3B)-S(1B)-C(2B) 102.0(2) 
 
C(3B)-S(1B)-Cu 105.88(14) C(2B)-S(1B)-Cu 97.85(11) 
 
O(12)-C1-O(14) 112.1(4) O(12)-C1-O(13) 111.9(3) 
 
O(14) -C1-O(13) 116.7(3) O(12) -C1-O(11) 101.8 (6) 
 
O(14)-C1-O(11) 106.6(4) O(13)-C1-O(11) 106.4(3) 
 
N(1B)-O(1B)-Cu#1 109.0(2) C(1A)-N(1A)-O(1A) 115.3(3) 
 
C(1A)–N(1A)-Cu 124.4(3) O(1A)-N(1A)-Cu 119.8(2) 
 
C(1B)-N(1B)-O(1B) 119.1(3) C(1B)-N(1B)-Cu 123.9(2) 
 
O(1B)-N(1B)-Cu 116.9(2) N(1A)-C(1A)-C(11A) 122.7(4) 
 
N(1A)-C(1A)-C(2A) 119.3(3) C(11A)-C(1A)-C(2A) 117.9(4) 
 
C(1A)-C(2A)-C(21A) 113.7(4) C(1A)-C(2A)-S(1A) 111.5(3) 
 
C(21A)-C(2A)-S(1A) 109.7(4) C(4)-C(3A)-S(1A) 111.9(3) 
 
N(1B)-C(1B)-C(11B) 122.8(3) N(1B)-C(1B)-C(2B) 118.3(3) 
 
C(11B)-C(1B)-C(2B) 118.9(3) C(21B)-C(2B)-C(1B) 114.9(4) 
 
C(21B)-C(2B)-S(1B) 109.5(3) C(1B)-C(2B)-S(1B) 109.5(2) 
 
C(4)-C(3B)-S(1B) 111.8(3) C(3B)-C(4)-C(3A) 115.8(3) 
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Table B.5. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] of the non-Hydrogen atoms for 
[Cu(Thyclops)]ClO4.  U(eq) is defined as one third of the trace of the 
orthogonality Uij tensor. 
 
 
          x           y         z      U(eq) 
 
Cu -2376(1) 5838(1) 794(1) 31(1) 
 
Cl -6434(1) 9343(1) -3370(1) 61(1) 
 
S(1A) -2091(1) 3750(1) 1567(1) 41(1) 
 
8(13) -3814(1) 5872(1) 1002(1) 39(1) 
 
7(1) -1516(2) 7547(2) -660(1) 58(1) 
 
7(2) -439(2) 9073(2) 449(2) 67(1) 
 
O(1A) -476(1) 6997(2) 1085(2) 44(1) 
 
O(1B) -1802(2) 8647(2) 686(2) 44(1) 
 
O(11) -6091(4) 8471(5) -3956(3) 129(2) 
 
O(12) -5652(3) 10007(5) -2538(3) 126(2) 
 
O(13) -6948(3) 8613(4) -2894(3) 93(1) 
 
O(14) -7036(3) 10335(4) -4077(2) 98(1) 
 
N(1A) -963(2) 5843(2) 1139(2) 35(1) 
 
N(1B) -2544(2) 7805(2) 643(2) 35(1) 
 
B -1074(3) 8052(3) 360(3) 40(1) 
 
C(1A) 653(2) 4837(4) 1768(3) 57(1) 
 
C(2A) -414(2) 4815(3) 1493(2) 39(1) 
 
C(3A) -872(2) 3520(3) 1612(3) 46(1) 
 
C(4A) -950(4) 2517(4) 727(4) 74(1) 
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C(5A) -1851(3) 4369(4) 2909(2) 50(1) 
 
C(6) -2795(3) 4774(4) 2997(2) 53(1) 
 
C(1B) -3440(3) 9900(3) 497(4) 59(1) 
 
C(2B) -3314(2) 8412(3) 582(2) 38(1) 
 
C(3B) -4169(2) 7579(3) 526(2) 43(1) 
 
C(4B) -4929(3) 7476(4) -629(3) 59(1) 
 




Symmetry transformations used to generate equivalent atoms:  
#1 –x-1, y-1/2, -z-1/2  #2  -x-1, y+1/2, -z-1/2       
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Table B.6. Bond distances [Å] for [Cu(Thyclops)]ClO 4. 
 
       
 
Cu-N (1B)  1.977(2) Cu-N(1A)  1.981(2) 
 
Cu-O(14)#1  2.211(3) Cu-S (1B)  2.2952 (8) 
 
Cu-S(1A)  2.2953(8) Cl-O(13)  1.400(3) 
 
Cl-O(11)  1.415(4) Cl-O(14)  1.423(3) 
 
C1-O(12)  1.426(4) S(lk)-C(3A)  1.824(3) 
 
S(1A)-C(5A)  1.833(3) S(1B)-C(3B)  1.822(3) 
 
S(1B) -C(5B)  1.826 (3) F(1)-B   1.378 (4) 
 
F(2)-B   1.368(4) O(lA)-N(lA)  1.382(3) 
 
O(1A) -B  1.475(4) O(1B) -N(1B)  1.379 (3) 
 
0(1B)-B  1.467(4) O(14)-Cu#2  2.211(3) 
 
N(1A) -C(2A)  1.282 (4) N(1B) -C(2B)  1.279(4) 
 
C(lA)-C(2A)  1.493(4) C(2A)-C(3A)  1.502(4) 
 
C(3A)-C(4A)  1.539(5) C(5A)-C(6)  1.528(5) 
 
C(6)-C(5B)  1.521(5) C(1B)-C(2B)  1.493(4) 
 
C(2B)-C(3B)  1.507 (4) C(3B) -C(4B)  1.535(5)  
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Table B.7. Bond angles [o] for [Cu(Thyclops)]ClO4. 
 
 
N(1B)-Cu-N(lA) 95.87(9) N(1B)-Cu-O(14)#1 97.75(12) 
 
N(1A) -Cu-O(14) #1 100.51 (13) N(1B)-Cu-S (1B) 84.87 (7) 
 
N(1A) -Cu-S (1B) 160.82 (7) O(14)#1-Cu-S (1B) 98.37(11) 
 
N(1B)-Cu-S (1A) 159.90 (7) N(1A) -Cu-S (1A) 84.89(7) 
 
O(14)#1-Cu-S (1A) 101.86 (10) S(1B)-Cu-S (1A) 87.97 (3) 
 
O(13) -Cl-O(11) 110.1(3) O(13) -Cl-O(14) 111.0 (3) 
 
O(11)-Cl-O(14) 108.5(2) O(13)-C1-O(12) 107.5(2) 
 
O(11)-C1-O(12) 111.5(3) O(14)-Cl-O(12) 108.3(3) 
 
C(3A) -S(1A)-C(5A) 102.88(16) C(3A) -S(1A) -Cu 97.23 (9) 
 
C(5A) -S(1A)-Cu 94.74(11) C(3B) -S(1B) -C(5B) 102.95 (15) 
 
C(3B) -S(1B)-Cu 97.10(10) C(5B) -S(1B)-Cu 96.27(11) 
 
N(1A)-O(1A)-B 116.0(2) N(1B) -O(1B)-B 115.6(2) 
 
C1-O(14)-Cu#2 138.8 (2) C(2A) -N(1A) -O(1A) 114.3 (2) 
 
C(2A)-N(1A)-Cu 123.5(2) O(1A)-N(lA)-Cu 122.00(16) 
 
C(2B)-N(1B)-O(1B) 114.2(2) C(2B)-N(1B)-Cu 123.4(2) 
 
O(1B)-N(1B)-Cu 122.14(17) F(2)-B-F(1) 113.2(3) 
 
F(2)-B-0(1B) 104.7(2) F(1)-B-O(1B) 110.2(3) 
 
F(2) -B-0(1A) 104.9(3) F(1)-B-O(1A) 109.6(3) 
 
O(1B) -B-0(1A) 114.2(3) N(1A)-C(2A)-C(1A) 123.1(3) 
 
N(1A)-C(2A)-C(3A) 118.3(3) C(1A)-C(2A)-C(3A) 118.6(3) 
 
C(2A)-C(3A)-C(4A) 111.4(3) C(2A)-C(3A)-S(1A) 112.8(2) 
 
C(4A)-C(3A)-S(1A) 107.5(3) C(6)-C(5A)-S(1A) 110.9(2) 
 
C(5B)-C(6)-C(5A) 117.0(3) N(1B)-C(2B)-C(1B) 123.9(3) 
 
N(1B)-C(2B)-C(3B) 118.3(3) C(1B)-C(2B)-C(3B) 117.7(3) 
 
C(2B)-C(3B)-C(4B) 110.6(3) C(2B)-C(3B)-S(1B) 112.1(2) 
 
C(4B)-C(3B)-S(1B) 107.1(2) C(6) -C(5B) -S(1B) 110.9 (2) 
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Table B.8. Crystallographic Data for Chapter 4. 
_____________________________________________________________ 
 
   [Ni3(DtoxH)2(Dtox)](ClO4)2·  CH3CN. 
 
 
Formula  C26H47Cl2N7O14Ni3S6  
fw  1121.1  
cryst system  monoclinic  
cryst size, mm  0.53 x 0.47 x 0.33  
space group  P21/n  
a, Å  12.295(2)  
b, Å  17.360(2)  
c, Å  20.764(2)  
a, deg  90 
b, deg  94.080(10) 
g, deg  90 
V, Å3  4420.7(6)  
Z  4  
rcalc, g cm
-3  1.684  
F(000)  2312 
m, mm-1  1.735  
l (Mo-Ka), Å  0.71073  
T, K  293(2)   
Ra, Rwb  0.0508; 0.1028  
 
aR = S||Fo| - |Fc|| / S|Fo|.  
bRw = [Sw(|Fo| - |Fc|)2 / Sw(Fo)2]1/2.  
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Table B.9. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni3(DtoxH)2(Dtox)](ClO4)2·  




                    x        y        z    U(eq) 
 
        C(2C)         8919(8)    4376(6)     4478(3)     90(4) 
  
        C(3A)        4708(5)     3379(4)     933(3)     50(2) 
  
        C(3B)         5760(6)     5482(3)     3952(3)     53(2) 
  
        C(3C)         9626(6)     5044(4)     3484(3)     71(3) 
  
        C(4A)         3623(5)     4805(4)     653(3)     57(3) 
  
        C(4B)         4019(5)     4476(4)     4136(3)     52(2) 
  
        C(4C)         10630(5)     4629(4)     2355(4)     66(3) 
  
        C(5A)         3242(5)     4887(4)     1324(3)     58(3) 
  
        C(5B)         3479(5)     4521(4)     3460(3)     49(2) 
  
        C(5C)         10637(5)     3779(4)     2528(4)    67(3) 
  
        C(6A)         4263(6)     6308(4)     1645(3)    60(3) 
  
        C(6B)         3678(5)     2926(3)     3231(3)     51(2) 
  
        C(6C)         9466(6)     3338(4)     1387(3)     63(3) 
  
        C(7A)         5258(5)     6512(3)     1310(3)     46(2) 
  
        C(7B)         4655(5)     2453(3)     3447(3)     45(2) 
  
        C(7C)         8706(5)     3931(4)     1072(3)     52(2) 
  
        C(8A)         5 410(7)     7327(4)     1101(4)     69(3) 
  
        C(8B)         4474(7)     1635(4)     3646(4)     70(3) 
  
        C(8C)         8703(7)     4052(6)     356(3)     84(3) 
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        C(l1)         7114(2)   19722(14)  -65(10)   1018(10) 
  
        O(11)         8272(3)     2014(3)    63(2)     117(2) 
  
       *O(12)         6641(5)     2710(4)     44(8)     109(8) 
  
       *O(12A)        6831(5)    2199(14)    -719(4)      28(3) 
  
       *O(12C)       6859(4)     1459(8)    -594(6)     74(5) 
  
       *O(13)         6865(4)    1747(10)    -722(3)     61(5) 
 
       *O(13A)        6596(4)    2477(11)     364(8)    109(12) 
  
       *O(13C)        6697(5)     2724(3)    -226(9)    181(11) 
  
       *O(14)         6678(5)     1415(8)     356(6)     100(8) 
  
       *O(14A)        6757(5)     1198(4)    31(12)      33(4) 
  
       *O(14C)        6627(5)    1694(10)     496(3)    0.267(17) 
  
        N(15)         1532(8)     3648(7)     362(5)     0.138(5) 
  
        C(15)         1551(9)     3028(8)     224(5)     0.102(5) 
  
       *C(#2)   129(2)     2220(9)     92(8)     106(7) 
  
       *C(#1)         209(4)    2305(16)    74(14)    121(13) 
  
        C(l2)         2355(2)   16736(11)    17588(9)    0.0678(7) 
  
        O(21)         2825(7)     1248(4)     1266(3)     0.148(4) 
  
        O(22)         2778(5)     1357(4)     2358(3)     0.110(3) 
  
        O(23)         2634(5)     2457(3)     1714(3)     0.104(3) 
  
        O(24)         1229(4)     1589(4)     1698(3)     0.111(3) 
 
  
Starred Atom sites have a S.O.F less than 1.0
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Table B.10. Bond distances [Å] for [Ni3(DtoxH)2(Dtox)](ClO4)2·  CH3CN. 
 
 
          
Ni(1)-S(1A)       2.4091(17)       C(l2)-O(23)         1.407(6) 
  
         Ni(1)-S(2A)       2.4496(18)       C(l2)-O(21)         1.418(7) 
  
        Ni(1)-O(1B)         2.058(4)       C(l2)-O(22)        1.424(7) 
  
         Ni(1)-O(2C)         2.006(4)       C(l2)-O(24)         1.389(6) 
  
        Ni(1)-N(1A)         2.038(5)       S(1A)-C(4A)         1.800(7) 
  
         Ni(1)-N(2A)         2.045(5)       S(1A)-C(3A)          1.822(7) 
  
        Ni(2)-S(1C)       2.4397(18)       S(1B)-C(4B)         1.794(6) 
  
         Ni(2)-S(2C)       2.4364(18)       S(1B)-C(3B)         1.805(6) 
  
         Ni(2)-O(1A)         2.091(4)       S(1C)-C(3C)         1.824(7) 
  
         Ni(2)-O(1B)         2.062(4)       S(1C)-C(4C)         1.803(7) 
  
        Ni(2)-N(1C)         2.035(4)       S(2A)-C(6A)             1.819(7) 
  
         Ni(2)-N(2C)         2.028(4)       S(2A)-C(5A)             1.805(7) 
  
         Ni(3)-S(1B)       2.4502(16)       S(2B)-C(5B)         1.807(7) 
  
         Ni(3)-S(2B)       2.4689(17)       S(2B)-C(6B)         1.810(6) 
  
         Ni(3)-O(1A)         2.066(4)       S(2C)-C(6C)         1.804(6) 
  
         Ni(3)-O(1C)         2.019(4)       S(2C)-C(5C)         1.821(7) 
  
         Ni(3)-N(1B)         2.038(5)       O(1A)-N(1A)        1.390(6) 
  
         Ni(3)-N(2B)         2.045(5)       O(1B)-N(1B)        1.394(6) 
  
         C(l1)-O(12A)       1.432(11)       O(1C)-N(1C)        1.359(6) 
  
         C(l1)-O(12C)       1.431(13)       O(2A)-N(2A)        1.397(7) 
  
         C(l1)-O(13)         1.431(8)       O(2B)-N(2B)        1.390(7) 
  
         C(l1)-O(13A)       1.431(16)       O(2C)-N(2C)        1.369(6) 
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         C(l1)-O(13C)        1.433(7)       N(1A)-C(1A)        1.277(7) 
  
         C(l1)-O(11)         1.432(4)       N(1B)-C(1B)        1.272(7) 
  
         C(l1)-O(12)         1.431(8)       N(1C)-C(1C)        1.275(8) 
  
         C(l1)-O(14C)        1.431(9)       N(2A)-C(7A)        1.270(8) 
  
         C(l1)-O(14)        1.433(13)       C(1S)-C(#2)          1.46(2)      
  
         C(l1)-O(14A)        1.432(8)       C(#1)-C(1S)          1.46(4)      
  
         N(2B)-C(7B)         1.261(8)       C(7C)-C(8C)         1.501(9)      
          
N(2C)-C(7C)         1.277(8)       C(7B)-C(8B)         1.500(9)      
  
         N(1S)-C(1S)        1.114(18)       C(7A)-C(8A)  1.496(9)      
  
         C(1#)-C(1A)         1.503(7)       C(6C)-C(7C)        1.508(10)      
  
         C(1A)-C(3A)         1.502(9)       C(6B)-C(7B)               1.497(8)      
  
         C(1B)-C(3B)         1.502(9)       C(6A)-C(7A)               1.492(9)      
  
         C(1B)-C(2#)         1.489(9)       C4C-C5C                    1.519(10)      
  
         C(1C)-C(2C)         1.517(9)       C(4B)-C(5B)              1.511(9)      
  
         C(1C)-C(3C)        1.487(10)       C(4A)-C(5A)             1.508(9)      
  
            
  
            
  
            
  
            
  
            
  
        
  
            
  
            
  
            
  
            
 
 227 
Table B.11. Bond angles [o] for [Ni3(DtoxH)2(Dtox)](ClO4)2·  CH3CN. 
 
 
     S(1A)-Ni-S(2A)          87.72(6)    O(1B)-Ni(2)-N(2C)        91.76(19) 
  
     S(1A)-Ni(1)-O(1B)      168.95(11)    N(1C)-Ni(2)-N(2C)         172.2(2) 
  
     S(1A)-Ni(1)-O(2C)       90.72(12)    S(1B)-Ni(3)-S(2B)         86.21(6) 
  
     S(1A)-Ni(1)-N(1A)       81.80(13)    S(1B)-Ni(3)-O(1A)       167.43(11) 
  
     S(1A)-Ni(1)-N(2A)       97.00(13)    S(1B)-Ni(3)-O(1C)       88.31(12) 
  
     S(2A)-Ni(1)-O(1B)       95.95(11)    S(1B)-Ni(3)-N(1B)        81.60(13) 
  
     S(2A)-Ni(1)-O(2C)      163.11(12)    S(1B)-Ni(3)-N(2B)        98.76(13) 
  
     S(2A)-Ni(1)-N(1A)      102.10(12)    S(2B)-Ni(3)-O(1A)       102.44(11) 
  
     S(2A)-Ni(1)-N(2A)       79.48(14)    S(2B)-Ni(3)-O(1C)       163.27(12) 
  
     O(1B)-Ni(1)-O(2C)       88.73(16)    S(2B)-Ni(3)-N(1B)       100.06(12) 
  
     O(1B)-Ni(1)-N(1A)       87.24(15)    S(2B)-Ni(3)-N(2B)        78.81(14) 
  
     O(1B)-Ni(1)-N(2A)      93.93(16)    O(1A)-Ni(3)-O(1C)        85.76(16) 
  
     O(2C)-Ni(1)-N(1A)       94.31(15)    O(1A)-Ni(3)-N(1B)        87.85(16) 
  
     O(2C) –Ni(1)-N(2A)       84.02(17)    O(1A)-Ni(3)-N(2B)        91.93(16) 
  
     N(1A)-Ni(1)-N(2A)      177.94(18)    O(1C)-Ni(3)-N(1B)        94.74(15) 
 
     S(1C)-Ni(2)-S(2C)        87.92(6)    O(1C)-Ni(3)-N(2B)        86.44(17) 
  
     S(1C)-Ni(2)-O(1A)      168.90(12)    N(1B)-Ni(3)-N(2B)       178.78(18) 
  
     S(1C)-Ni(2)-O(1B)       91.14(11)    O(13C)-C(l1)-O(14C)        109.5(9) 
  
     S(1C)-Ni(2)-N(1C)       81.39(15)    O(11)-C(l1)-O(12C)        109.6(3) 
  
     S(1C)-Ni(2)-N(2C)       94.40(15)    O(11)-C(l1)-O(13)         109.5(3) 
  
     S(2C)-Ni(2)-O(1A)       99.83(11)    O(11)-C(l1)-O(13A)        109.5(5) 
  
     S(2C)-Ni(2)-O(1B)      172.97(13)    O(11)-C(l1)-O(13C)     109.4(4) 
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     S(2C)-Ni(2)-N(1C)       91.93(15)    O(11)-C(l1)-O(14)         109.3(4) 
  
     S(2C)-Ni(2)-N(2C)       81.37(15)    O(11)-C(l1)-O(14A)        109.4(4) 
  
     O(1A)-Ni(2)-O(1B)       82.13(14)    O(11)-C(l1)-O(14C)        109.5(3) 
  
     O(1A)-Ni(2)-N(1C)       90.34(18)    O(12)-C(l1)-O(13)         109.5(9) 
 
O(1A)-Ni(2)-N(2C)       94.63(18)    O(12)-Cl-O(14)         109.5(7) 
  







Table B.12. Crystallographic Data for Chapter 5.  
______________________________________________________________________________________________________ 
                [Ni(DtoxH2)(H2O)2](ClO4)2 [Ni(DtudH2)(HOPhCO2)2]       [Ni(MedtdoH)]ClO4 
 
formula C8H18Cl2N2NiO11S2 C23H27N2NiO8S2 C13H25ClN2NiO6S2 
fw 511.97 582.30 463.63 
cryst system monoclinic orthorhombic monoclinic 
cryst size, mm 0.06x 0.47 x 0.17 0.35 x 0.23 x 0.18 0.23 x 0.25 x 0.04 
space group P21/n P21212 P21/c 
a, Å 12.8559(10) 12.2257(6) 6.6688(6) 
b, Å 9.0399(7) 12.3617(6) 13.6637(12) 
c, Å 16.5679(16) 8.8841(4) 21.1585(18) 
b, deg 100.190(7) 90 97.670(2) 
V, Å3 1895.1(3) 1342.66(11 ) 1910.7(3) 
Z 4 2 4 
rcalc, g cm
-3 1.794 1.440 1.612 
F(000) 1048 606 968 
m, mm-1 1.581 0.926 1.405 
l (Mo-Ka), Å 0.71073 0.71073 0.71073 
T, K 293(2) 293(2) 93(2) 
Ra, Rw








 Table B.13. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni(DtoxH2)(H2O)2](ClO4)2.  U(eq) 




                    x        y        z    U(eq) 
 
Ni        10000 10000 9917(1) 34(1) 
S 11269(1) 9339(1) 11807(2) 71(1) 
O 8588(3) 7983(3) 9408(4) 63(1) 
O(1) 11045(2) 9482(2) 8244(3) 50(1) 
O(2) 12524(2) 10501(2) 8207(4) 86(1) 
O(3) 11090(3) 7681(3) 6909(5) 88(1) 
N 9552(2) 8384(2) 10015(3) 41(1) 
C(1) 12502(3) 8944(3) 6717(4) 49(1) 
C(2) 12026(3) 7985(4) 6327(4) 57(1) 
C(3) 12525(5) 7297(5) 5253(7) 83(2) 
C(4) 13482(5) 7609(6) 4603(5) 88(2) 
C(5) 13984(5) 8563(5) 4977(6) 87(2) 
C(6) 13516(4) 9240(4) 6016(5) 71(1) 
C(7) 12004(3) 9696(3) 7803(4) 47(1) 
C(1A) 10196(3) 7637(3) 10447(4) 48(1) 
C(2A) 9968(5) 6452(3) 10284(6) 78(1) 
C(3A) 11256(3) 7980(3) 11125(5) 57(1) 
C(4A) 10312(7) 9090(6) 13431(5) 111(3) 
C(5A) 10000 10000 14234(11) 119(3) 
 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y+2,z       
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Ni-O(1)#1  2.061(2) 
Ni-O(1)  2.061(2) 
Ni-N#1  2.073(3) 
Ni-N  2.073(3) 
Ni-S#1  2.4279(11) 
Ni-S  2.4279(11) 
S-C(3A)  1.786(4) 
S-C(4A)  1.884(7) 
O-N  1.388(4) 
O(1)-C(7)  1.265(4) 
O(2)-C(7)  1.235(4) 
O(3)-C(2)  1.311(6) 
N-C(1A)  1.274(5) 
C(1)-C(2)  1.365(6) 
C(1)-C(6)  1.434(6) 
C(1)-C(7)  1.472(5) 
C(2)-C(3)  1.416(7) 
C(3)-C(4)  1.360(8) 
C(4)-C(5)  1.370(9) 
C(5)-C(6)  1.372(7) 
C(1A)-C(3A)  1.491(6) 
C(1A)-C(2A)  1.498(5) 
C(4A)-C(5A)  1.385(7) 
C(5A)-C(4A)#1  1.385(7) 
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Table B.16. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni(DtudH2)(HOPhCO2)2].  U(eq) is 
defined as one third of the trace of the orthogonality Uij tensor. 
 
 
                 x        y        z  U(eq) 
 
        Ni                  10000           10000    9916(5)    34(2) 
  
        S          11269(10)    9339(9)   11807(15)    71(4) 
  
        O            8588(3)     7983(3)     9408(4)   63(1) 
  
        O(1)          11045(2)     9482(2)     8244(3)    50(7) 
  
        O(2)          12524(2)     10501(2)     8207(4)   86 (1) 
  
        O(3)          11090(3)     7681(3)     6909(5)   88(1) 
  
        N            9552(2)     8384(2)     10015(3)    41(7) 
  
        C(1)          12502(3)     8944(3)     6717(4)   49(1) 
  
        C(1A)         10196(3)     07637(3)     10447(4)   48(1) 
  
        C(2)          12026(3)     7985(4)     6327(4)   57 (1) 
  
        C(2A)        9968(5)     6452(3)     10284(6)   79(2) 
  
        C(3)          12525(5)     7297(5)     5253(7)     83(2) 
  
        C(3A)         11256(3)     7980(3)     11125(5)   57(1) 
  
        C(4)          13482(5)     7609(6)     4603(5)     88(2) 
 
        C(4A)         10312(7)     9090(6)     13431(5)     11(3) 
  
        C(5)          13984(5)     8563(5)     4977(6)   87(2) 
  
        C(5A)                 10000             10000    14234(11)     119() 
  
        C(6)          13516(4)     9240(4)     6016(5)   71(2) 
  





Table B.17. Bond distances [Å] for [Ni(DtudH2)(HOPhCO2)2].   
 
   
 
Ni-S          2.4279(13)       C(3)-C(4)          1.361(9) 
  
         Ni-O(1)           2.062(3)       C(4)-C(5)          1.370(9) 
  
         Ni-N            2.073(2)       C(4A)-C(5A)        1.386(9) 
  
         S-C(3A)          1.786(4)       C(5)-C(6)          1.371(7) 
  
         S-C(4A)          1.883(7)        N-C(1A)          1.273(4)      
 
         O-N            1.388(4)       C(1)-C(6)          1.435(6)      
  
         O(1)-C(7)          1.264(4)       C(1)-C(7)          1.472(5)      
  
         O(2)-C(7)         1.234(5)       C(1)-C(2)          1.365(6)      
  
         O(3)-C(2)         1.311(5)       C(1)A-C(3A)         1.491(5)      
  
         C(1A)-C(3A)  1.491(5)       C(1A)-C(2A)         1.498(5)      
  
C(2)-C(3)          1.416(7) 
         
  
         
  
 
         
  
         
  













Table B.18. Bond angles [o] for [Ni(DtudH2)(HOPhCO2)2].   
 
 
     
S-Ni-O(1)          89.89(8)   N-C(1A)-C(3A)          117.0(3) 
  
     S-Ni-N            79.38(8)    O(3)-C(2)-C(3)           118.0(5) 
  
     S-Ni-Sa          92.48(5)    C(1)-C(2)-C(3)           120.6(4) 
  
     S-Ni-O(1)a       177.51(8)    O(3)-C(2)-C(1)           121.4(4) 
  
     S-Ni-Na          97.25(8)    C(2)-C(3)-C(4)           119.1(6) 
  
     O(1)-Ni-N       83.96(10)    S-C(3A)-C(1A)          114.4(3) 
  
     Sa-Ni-O(1)    177.51(8)    C(3)-C(4)-C(5)           121.7(6) 
  
     O(1)-Ni-O(1)a  87.76(10)    S-C(4A)-C(5A)          115.6(5) 
  
    O(1)-Ni-Na        99.55(10)    C(4)-C(5)-C(6)           120.1(5) 
  
     Sa-Ni-N           97.25(8)    C(4A)-C(5A)-C(4A)a  118.0(8) 
  
     O(1)a-Ni -N          99.55(10)    C(1)-C(6)-C(5)           119.8(5) 
  
     N-Ni-Na        175.18(11)    O(1)-C(7)-C(1)           117.0(3) 
  
     Sa-Ni-O(1)a        89.89(8)    O(2)-C(7)-C(1)           119.1(3) 
  
     Sa-Ni-Na          79.38(8)    O(1)-C(7)-O(2)           123.8(3) 
  
     O(1)a-Ni-Na       83.96(10)    Ni-S-C(3A)         94.36(14)    
    
     Ni-S-C(4A)         100.8(2)    C(3A)-S-C(4A)           95.8(3)    
 
     Ni-O(1)-C(7)          137.1(2)    Ni-N-C(1A)          123.3(2)    
   
     O-N-C(1A)         112.5(3)        Ni-N-O             123.5(2)   
  
     C(2)-C(1)-C(6)         118.7(4)   C(6)-C(1)-C(7)           118.7(3)    
  
     C(2)-C(1)-C(7)         122.6(3)    N-C(1A)-C(2A)          124.4(4)    
 




Table B.19. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni(MedtdoH)]ClO4.  U(eq) is 
defined as one third of the trace of the orthogonality Uij tensor. 
 
 
          x                y                 z   U(eq) 
 
Ni   1033(3)   3682 (2)   4498 (9)  11(1)  
 
Cl   4696(6)  5241(3)   1536 (2)  20(1)  
 
S(1A)   -610(6)   2742 (3)   3796(19)  14(1)  
 
S(1B)   1305(6)   2616(3)   5253 (19)  13(1)  
 
O(1)   4456(2)   6100(1)   1135(1)  46(1)  
 
O(2)   5088(3)   5536(2)   2188(8)  57(1)  
 
O(3)   6360(2)   4676(1)   1369(8)  33(3)  
 
O(4)   2848(2)   4673(9)   1433(7)  24(1)  
 
O(1A)  846(18)   5586(8)   3953(6)  15(1)  
 
O(1B)   2311(18)   5502(8)   5058(6)  15(1)  
 
N(1A)   706(2)    4614(1)   3821(7)  13(1)  
 
N(1B)   2440(2)   4509(1)   5130(6)  12(1)  
 
C(1A)   152(3)    5111(13)   2702(8)  19(1)  
 
C(2A)   337(2)    4374(1)   3226(8)  14(3)  
 
C(3A)   227(3)    3291(1)   3071(8)  17(3)  
 
C(4A)   -1391(3)   3052(14)   2506(9)  29(5)  
 
C(5A)   2327(3)   2946(14)   2955(9)  23(4)  
 
C(6A)   426(3)    1512(1)   3817 (8)  18(3)  
 
C(7)   436(3)    1031(1)   44690(8)  18(1)  
 




C(2B)   3422(2)   4201(1)   5662(8)  13(1)  
 
C(3B)   3550(2)   3105(12)   5775(8)  14(1)  
 
C(4B)   3265(3)   2839(1)   6451(8)  20(1)  
 
C(5B)   5542(3)   2694(1)   5602(9)  19(1)  
 












































Ni-N(1B) 1.900(2) O(1B)-N(1B) 1.367(2) 
 
Ni-N(1A) 1.909(1)  N(1A)-C(2A) 1.292(2) 
 
Ni-S(1B) 2.150(1)  N(1B)-C(2B) 1.294(2) 
 
Ni-S(1A) 2.150(2)  C(1A)-C(2A) 1.490(2) 
 
Cl-O(2) 1.428(2)  C(2A)-C(3A) 1.515(2) 
 
Cl-O(3) 1.434(2)  C(3A)-C(5A) 1.528(3) 
 
Cl-O(1) 1.445(2)  C(3A)-C(4A) 1.536(3) 
 
Cl-O(4) 1.448(1)  C(6A)-C(7) 1.525(2) 
 
S(1A)-C(6A) 1.815(2)  C(7)-C(6B) 1.530(3) 
 
S(1A)-C(3A) 1.858(2)  C(1B)-C(2B) 1.491(2) 
 
S(1B)-C(6B) 1.819(2)  C(2B)-C(3B) 1.517(2) 
 
S(1B)-C(3B) 1.861(2)  C(3B)-C(5B) 1.530(3) 
 























N(1B)-Ni-N(1A) 97.36(6) O(1B)-N(1B)-Ni 119.59(10) 
 
N(1B)-Ni-S(1B) 84.00(4) N(1A)-C(2A)-C(1A) 122.58(15) 
 
N(1A)-Ni-S(1B) 178.20(5) N1A-C2A-C3A 117.09(15) 
 
N(1B)-Ni-S(1A) 178.79(4) C(1A)-C(2A)-C(3A) 120.22(14) 
 
N(1A)-Ni-S(1A) 83.24(4) C(2A)-C(3A)-C(5A) 108.47(14) 
 
S(1B)-Ni-S(1A) 95.38(2) C(2A)-C(3A)-C(4A) 112.59(14) 
 
O(2)-Cl-O(3) 109.97(11) C(5A)-C(3A)-C(4A) 111.87(16) 
 
O(2)-Cl-O(1) 109.22(11) C(2A)-C(3A)-S(1A) 103.16(11) 
 
O(3)-Cl-O(1) 108.76(9) C(5A)-C(3A)-S(1A) 113.03(13) 
 
O(2)-Cl-O(4) 109.84(10) C(4A)-C(3A)-S(1A) 107.47(12) 
 
O(3)-Cl-O(4) 110.22(8) C(7)-C(6A)-S(1A) 112.17(12) 
 
O(1)-Cl-O(4) 108.80(8) C(6A)-C(7)-C(6B) 113.05(14) 
 
C6A-S1A-C3A 103.87(8) N1B-C2B-C1B 122.16(15) 
 
C(6A)-S(1A)-Ni 112.24(6) N(1B)-C(2B)-C(3B) 117.97(14) 
 
C(3A)-S(1A)-Ni 98.52(6) C(1B)-C(2B)-C(3B) 119.87(14) 
 
C(6B)-S(1B)-C(3B) 105.60(8) C(2B)-C(3B)-C(5B) 110.91(13) 
 
C(6B)-S(1B)-Ni 111.05(6) C(2B)-C(3B)-C(4B) 111.77(14) 
 
C(3B)-S(1B)-Ni 100.31(5) C(5B)-C(3B)-C(4B) 111.13(14) 
 
C(2A)-N(1A)-O(1A) 116.62(14) C(2B)-C(3B)-S(1B) 103.72(10) 
 
C(2A)-N(1A)-Ni 123.40(12) C(5B)-C(3B)-S(1B) 112.47(11) 
 









Table B.22.  Crystallographic Data for Chapter 6. 
______________________________________________________________________________________ 
                                      [Cu(TtoxH)]ClO4              [Cu(OdtoxH)]ClO4.[Cu(OdtoxH2)](ClO4)2        Ni(OdtoxBF2)]ClO4.2H2O 
_______________________________________________________________________________________ 
formula C10H19ClN2O6CuS3 C10H19.5Cl1.5N2O9CuS3 C10H22BClF2N2NiO9S2 
 
fw 458.44 524.70 521.39 
cryst system orthorhombic monoclinic monoclinic 
cryst size, mm 0.06x 0.47 x 0.17 0.30 x 0.88 x 0.50 0.1 x 0.36 x 0.36 
space group Pbcm C2/m P21/c 
a, Å 5.4075(17) 13.877(2) 13.7476(10) 
b, Å 14.043(4) 11.448(2) 8.3275(6) 
c, Å 21.650(6) 12.693(2) 17.4205(12) 
b, deg 90 113.376(14) 100.6690(10) 
V, Å3 1644.0(8) 1850.9(6) 1959.9(2) 
Z 4 4 4 
rcalc, g cm
-3 1.852 1.833 1.767 
F(000) 940 1004 1072 
m, mm-1 1.901 1.668 1.405 
l (Mo-Ka), Å 0.71073 0.71073 0.71073 
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T, K 293(2) 293(2) 223(2) 
Ra, Rw
b 0.0426; 0.0837 0.0529; 0.1386 0.0523; 0.1476 
 
aR = S||Fo| - |Fc|| / S|Fo|.  





Table B.23. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Cu(TtoxH)]ClO4.  U(eq) is defined 
as one third of the trace of the orthogonality Uij tensor. 
 
 
           x         y       z   U(eq) 
 
Cu 554(1) 4224(1) 7500 23(1) 
     
Cl 6387(3) 0.75 5000 36(1) 
     
S(1) -2023(2) 3648(1) 6719(1) 31(1) 
     
S(2) 2898(3) 2704(1) 7500 32(1) 
     
O 4274(6) 5449(2) 6939(1) 41(1) 
     
O(11) 4907(8) 7086(3) 4529(2) 74(1) 
     
O(12) 7905(8) 6781(3) 5264(2) 74(1) 
     
N 2224(6) 4922(2) 0.6811(2) 27 (1) 
     
C(1) 2861(10) 5334(4) 5719(2) 42(1) 
     
C(2) 1568(8) 4862(3) 6242(2) 28(1) 
     
C(3) -704(9) 4303(4) 6087(2) 45(2) 
     
C(4) -1074(12) 2432(5) 6649(3) 37(2) 
     
C(5) 1649(12) 2244(5) 6770(3) 42(2) 
     
C(4A) -140(40) 2589(12) 6490(8) 38(5) 
     
C(5A) 870(30) 2000(12) 7005(8) 35(5) 
 
Symmetry transformations used to generate equivalent atoms:  
#1 x, y, -z+3/2  #2 x, -y+3/2, -z+1       
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Cu-N#1 2.001(3) S(1)-C(3) 1.797(4) 
    
Cu-N 2.001(3) S(1)-C(4A) 1.869(15) 
    
Cu-S(1) 2.3353(12) S(2)-C(5A) 1.825(15) 
    
Cu-S(1)#1 2.3353(12) S(2)-C(5A)#1 1.825(15) 
    
Cu-S(2) 2.4822(18) S(2)-C(5) 1.836(6) 
    
Cl-O(11) 1.421(3) S(2)-C(5)#1 1.836(6) 
    
Cl-O(11)#2 1.421(4) O-N 1.361(4) 
    
Cl-O(12) 1.421(4) N-C(2) 1.284(5) 
    
Cl-O(12)#2 1.421(4) C(1)-C(2) 1.486(5) 
    
S(1)-C(4) 1.789(6) C(2)-C(3) 1.497(6) 
    
  C(4)-C(5) 1.519(8) 
    
  C(4A)-C(5A) 1.491(18) 









N#1-Cu-N 96.42(19) C(4A)-S(1)-Cu 98.2(6) 
    
N#1-Cu-S(1) 168.19(11) C(5A)#1-S(2)-C(5A) 72.0(12) 
    
N#1-Cu-S(1)#1 84.23(10) C(5A)#1-S(2)-C(5)#1 23.4(5) 
    
N-Cu-S(1) 84.23(10) C(5A)-S(2)-C(5)#1 95.4(7) 
    
N-Cu-S(1)#1 168.19(11) C(5A)#1-S(2)-C(5) 95.4(7) 
    
S(1)-Cu-S(1)#1 92.74(6) C(5A)#1-S(2)-C(5)#1 23.4(5) 
    
N#1-Cu-S(2) 101.02(10) C(5)#1-S(2)-C(5) 118.8(5) 
    
N-Cu-S(2) 101.02(10) C(5A)#1-S(2)-Cu 99.1(6) 
    
S(1)-Cu-S(2) 90.40(5) C(5A)-S(2)-Cu 99.1(6) 
    
S(1)-Cu-S(2) 90.40(5) C(5)#1-S(2)-Cu 96.6(2) 
    
O(11)#2-Cl-O(11) 111.4(4) C(5)-S(2)-Cu 96.6(2) 
    
O(11)#2-Cl-O(12) 109.1(2) C(2)-N-O 117.1(3) 
    
O(11)-Cl-O(12) 108.8(2) C(2)-N-Cu 123.9(3) 
    
O(11)#2-Cl-O(12)#2 108.8(3) O-N-Cu 118.8(2) 
    
O(11)-Cl-O(12)#2 109.1(2) N-C(2)-C(1) 124.8(4) 
    
O(12)-Cl-O(12)#2 109.5(4) N-C(2)-C(3) 118.4(4) 
    
C(4)-S(1)-C(3) 108.0(3) C(1)-C(2)-C(3) 116.7(4) 
    
C(4)-S(1)-C(4A) 20.3(6) C(2)-C(3)-S(1) 115.1(3) 
    
C(3)-S(1)-C(4A) 89.4(6) C(5)-C(4)-S(1) 115.5(5) 
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C(4)-S(1)-Cu 102.7(2) C(4)-C(5)-S(2) 116.3(5) 
    
C(3)-S(1)-Cu 97.90(16) C(5A)-C(4A)-S(1) 116.3(12) 
    
C(4)-C(5)-S(2) 116.3(5) C(4A)-C(5A)-S(2) 111.0(13) 
    
C(5A)-C(4A)-S(1) 116.3(12) N-C(2)-C(3) 118.4(4) 
    
C(2)-C(3)-S(1) 115.1(3) C(1)-C(2)-C(3) 116.7(4) 
    
C(5)-C(4)-S(1) 115.5(5)   
    
    
    
    
    




Table B.26. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Cu(OdtoxH)]ClO4
. 
[Cu(OdtoxH2)](ClO4)2.  U(eq) is defined as one third of the trace of the 
orthogonality Uij tensor. 
 
 
                x  y          z          U(eq) 
 
Cu -497 (1) 0 2129(1) 42 (1) 
 
Cl (1) 2069 (1) 5000 2578(1) 57 (1) 
 
Cl(2) 5000    0 5000 66(1) 
 
S (1) -143 (1) 1487 (1) 3471 (1) 82 (1) 
 
O 1303 (4)    0 2654 (5) 86(2) 
 
O(1) -1080(3) 1107(3) -137(3) 86(1) 
 
O(11) 2597 (4) 5000 1807 (4) 97(2) 
 
O(12) 2403(6) 4076(7) 3293(7) 213(4) 
 
O(13) 1010(4) 5000 2001(6) 161(4) 
 
O(21) 4283(9)    0 3770(9) 89(3) 
 
O(22) 4349(7) 1006(7) 4889(8) 113(3) 
 
O(23) 4439(19)    0 5669(18) 179(8) 
 
N(1) -842(2) 1309(3) 1021(3) 49(1) 
 
C(1) -915(3) 2374(3) 1266(4) 63(1) 
 
C(2) -1237(5) 3350(5) 425(8) 103(2) 
 
C(3) -670(5) 2652(5) 2489(6) 99(2) 
 
C(4) 1234(5) 1623(9) 3907(7) 118(3) 
 
C(5) 1675(5) 1173(10) 3146(8) 136(3) 
 
Symmetry transformations used to generate equivalent atoms:  










Cu-N(1)#1 1.979(3) Cu-N(1) 1.979(3) 
 
Cu-O 2.316(5) Cu-S(1) 2.3180(12) 
 
Cu-S(1)#1 2.3180(12) C1(1)-O(12)#2 1.351(5) 
 
C1(1)-O(12) 1.351(5) C1(1)-O(13) 1.358(6) 
 
C1(1) -O(11). 1.425 (5) C1(2) -O(23) 1.361(16) 
 
C1(2)-O(23)#3 1.361(16) C1(2)-O(22)#1 1.436(8) 
 
C1(2)-O(22)#4 1.436 (8) C1(2)-O(22) 1.436 (8) 
 
C1(2) -O(22)#3 1.436(8) C1(2) -O(21) 1.482 (10) 
 
C1(2) -O(21) #3 1.482 (10) S(1) -C(4) 1.772 (7) 
 
S(1) -C(3) 1.774 (7) O-C(S) 1.495 (9) 
 
O-C(5)#1 1.485(9) O(1)-M(1) 1.391(4) 
 
O(21)-O(23)#3 1.63(3) O(21)-O(22) 1.803(12) 
 
O(21) -O(22)#1 1.803 (12) O(22) -O(23) 1.492(14) 
 
O(22) -O(22)#4 1.71(2) O(23)-O(22)#1 1.492(14) 
 
O(23)-O(21)#3 1.63(2) N(1)-C(1) 1.273(5) 
 










N(1) #1-Cu-N(1) 98.36 (18) N(1) #1-Cu-O 97.65 (13) 
 
N(1)-Cu-O 97.65(13) N(1)#1-Cu-S(1) 177.14 (10) 
 
N(1) -Cu-S(1) 83.54(10) O-Cu-S(1) 84.18(10) 
 
N(1) #1-Cu-S (1)#1 83.54(10) N(1) -Cu-8(1) #1 177.14(10) 
 
O-Cu-S(1)#l 84.18(10) S(1)-Cu-S(1)#1 94.48(8) 
 
O(12)02-C1(1)-O(12) 103.2(9) O(12)#2-Cl(1)-O(13) 3.11.8(4) 
 
O(12)-C1(1)-O(13) 111.8(4) O(12)#2-Cl(1)-O(11) 109.2(4) 
 
O(12)-Cl(1)-O(11) 109.2(4) O(13)-C1(1)-O(11) 111.3(4) 
 
O(23)-C1(2)-O(23)#3 180.000(3) O(23)-C1(2)-O(22)#1 64.4(6) 
 
O(23)#3-Cl(2)-O(22)#1 115.6(6) O(23)-C1(2)-O(22)#4 115.6(6) 
 
O(23)#3-Cl (2) -O(22)#4 64.4(6) O(22)#1-Cl (2) -O(22) #4 180.0(8) 
 
O(23) -C1(2) -O(22) 64.4(6) O(23)#3-Cl(2)-O(22) 115.6(6) 
 
O(22)#1-Cl (2) -O(22) 106.7 (8) O(22)#4-Cl (2) -O(22) 73.3 (8) 
 
O(23) -C1(2) -0(22)#3 115.6 (6) O(23)#3-Cl(2) -O(22)#3 64.4 (6) 
 
O(22)01-Cl(2) -0(22)#3 73.3 (8) O(22)#4-Cl(2) -O(22)#3 106.7 (8) 
 
O(22) -C1(2) -O(22)#3 180.000 (2) O(23) -C1(2) -O(21) 110.2(11) 
 
O(23)#3-Cl(2) -O(21) 69.8(11) O(22)#1-C1(2) -O(21) 76.3(4) 
 
O(22)#4-C1.(2) -O(21) 103.7(4) O(22) -C1(2) -O(21) 76.3(4) 
 
O(22)#3-Cl(2)-O(21) 103.7(4) O(23)-Cl(2)-O(21)#3 69.8(11) 
 
O(23)#3-Cl(2) -O(21)#3 110.2(11) O(22)#1-C1(2) -O(21)#3 103.7(4) 
 
O(22)#4-Cl (2) -O(21) #3 76.3(4) O(22) -C1(2) -O(21) #3 103.7(4) 
 
O(22)#3-C1(2) -O(21)#3 76.3 (4) O(21) -C1(2) -O(21)#3 180.000 (2) 
 
C(4)-S(1)-C(3) 104.3(4) C(4)-S(1)-Cu 100.5(3) 
 
C(3) -8(1) -Cu 97.35(18) C(S) -O-C(5)#1 129.5(9) 
 




Cl(2) -O(21) -O(23)#3 51.6(7) C1(2)-O(21) -O(22) 50.7(4) 
 
O(23)#3-O(21) -O(22) 87.1(7) C1(2) -O(21) -O(22)#1 50.7(4) 
 
O(23)#3-O(21) -O(22)#1 87.1(7) O(22) -O(21) -O (22)#1 79.4(7) 
 
Cl(2) -O(22) -O(23) 55.4(7) Cl(2) -O(22) -O(22) #4 53.4(4) 
 
O(23) -O(22) -O(22)#4 94.9 (10) Cl(2) -O(22) -O(21) 53.0(4) 
 
O(23) -O(22) -O(21) 89.7 (7) O(22)#4-O(22)-0(21) 81.4(7) 
 
Cl(2)-O(23) -O(22) 60.2(7) C1(2) -O(23) -O(22)#1 60.2(7) 
 
O(22) -O(23) -O(22)#1 101.1(12) Cl(2) -O(23) -O(21) #3 58.6(9) 
 
O(22) -O(23) -O(21)#3 94.6 (10) O(22)#1-O(23)-O(21)#3 94.6 (10) 
 
C(1) -N(1) -O(1) 114.1(3) C(1)-N(1)-Cu 124.9(3) 
 
O(1)-N(1)-Cu 120.9(2) N(1)-C(1)-C(3) 116.9(4) 
 
N(l)-C(l)-C(2) 125.1(5) C(3)-C(1)-C(2) 117.9(5) 
 
C(1)-C(3)-S(1) 115.6(3)  C(5)-C(4)-S(1) 117.1(5) 
 




Table B.29. Atomic Coordinates [x 104] and equivalent isotropic 
displacement parameters [Å2 x 103] for [Ni(OdtoxBF2)]ClO4
.2H2O.  U(eq) is 
defined as one third of the trace of the orthogonality Uij tensor. 
 
 
             x        y          z          U(eq) 
 
Ni      -3057 (1) 5355(1) 4230(1) 27 (1) 
 
Cl         -418(1) 5258(2) 8302(1) 98(1) 
 
S (lA)       -3163 (1) 8014(1) 3686(1) 39(1) 
 
S(1B)       -1232(1) 5140(1) &597(1) 41(1) 
 
F(1)       -4313(2) 2341(3) 3249(1) 42(1) 
 
F(2) -5449(2) 1459(3) 4067(1) 41(1) 
 
O -2902 (2) 4682 (3) 3107 (2) 37 (1) 
 
O(1A) -5166(2) 4098(3) 3969(2) 34(1) 
 
O(1B) -3896(2) 2203(3) 4629(2) 36(1) 
 
O(1W) -3156(2) 6295(4) 5297(2) 44(1) 
 
O(2W) -1531(4) 6730(11) 6350(3) 97(2) 
 
O(11)  -1206(3) 4842(5) 7705(3) 107(2) 
 
O(12)  378(6) 5834(17) 7985(6) 94(10) 
 
O(13)  -119(8) 3912(9) 8777(5) 61(4) 
 
O(14)  -729(7) 6468(11) 8774(5) 45(3) 
 
O(12A) -374(10) 6917(7) 8416(8) 131(10) 
 
O(13A) -535(8) 4486(17) 9000(4) 101(7) 
 
O(14A) 476(4) 4716(19) 8099(6) 99(9) 
 
O(12B) -780(8) 5700(20) 8974(4) 230(20) 
 




O(14B) 236(9) 3957(11) 8472(10) 280(30) 
 
N(1A) -4563 (2) 5421 (3) 3897 (2) 28(1) 
 
N(1B) -3028 (2) 3055 (4) 4626 (2) 30(1) 
 
C(1A) -6148(3) 6818(5) 3462(3) 42(1) 
 
C(2A) -5049(3) 6701(4) 3670(2) 33(1) 
 
C(3A) -4445(5) 8218(9) 3781(10) 40(4) 
 
C(3C) -4497(4) 8202(8) 3530(8) 34(3) 
 
C(4A) -2924(9) 7500(11) 2730(5) 48(3) 
 
C(5A) -3227(6) 5805(8) 2503(4) 40(2) 
 
C(4C) -3299(8) 7311(15) 2688(4) 40(3) 
 
C(5C) -2597(8) 5972(9) 2589(5) 40(2) 
 
C(1B) -2226(3) 726(6) 5362(3) 49(1) 
 
C(2B) -2247(3) 2352(5) 4999(2) 37(1) 
 
C(3B) -1285(3) 3238(6) 5094(3) 48(1) 
 
C(4B) -1036(10) 4212(16) 3708(6) 45(3) 
 
C(5B) -1952(8) 3630(20) 3162(13) 34(4) 
 
C(4D) -1046(9) 4784(13) 3621(5) 37(3) 
 
C(5D) -1870(7) 3880(20) 3111(15) 53(7) 
 









Ni-N(1B) 2.034(3) Ni-O(1W) 2.044(3) 
 
Ni-N(1A) 2.045(3) Ni-O 2.126(3) 
 
Ni-S(1B) 2.3995(10) Ni-S(1A) 2.4018(11) 
 
C1-O(12A) 1.395(5) C1-O(12) 1.399(5) 
 
C1-O(11) 1.400(3) C1-O(12B) 1.402(5) 
 
C1-O(14B) 1.404(5) C1-O(13) 1.408(5) 
 
C1-O(13A) 1.411(5) C1-O(13B) 1.412(5) 
 
C1-O(14A) 1.415(5) C1-O(14) 1.415(5) 
 
S(1A)-C(4A) 1.808(6) S(1A)-C(3A) 1.808(6) 
 
S (lA) -C(3C) 1.810 (5) S (lA) -C(4C) 1.811 (6) 
 
S(1B) -C (3B) 1..*04 (5) S(13)-C(4D) 1.819 (6) 
 
S(1B)-C(4B) 1.122(i) F(1)-B 1.382(5) 
 
F(2) -B 1.389(4) O-C(5D) 1.445(6) 
 
O-C(5A) 1.447(5) O-C(5B) 1.450(6) 
 
O-C(5C) 1.463 (6) O(1A) -N(1A) 1.398(4) 
 
O(1A) -B 1.475 (5) O(1B) -N(1B) 1.389(4) 
 
O(1B) -B 1.460 (5) N(1A) -C(2A) 1.280 (4) 
 
N(1B) -C(2B) 1.288(4) C(1A) -C(2A) 1.491(5) 
 
C(2A)-C(3A) 1.504(8) C(2A)-C(3C) 1.505(7) 
 
C(4A)-C(5A) 1.504(7) C(4C)-C(SC) 1.505 (7) 
 
C(1B)-C(2B) 1.493(6) C(2B)-C(3B) 1.497(6) 
 








N(1B)-Ni-O(1W) 93.02(13) N(13)-Ni-N(1A) 94.43(11) 
 
O(1W)-Ni-N(1A) 90.79(12) N(1B)-Ni-O 93.89(11) 
 
0(1W)-Ni-0 171.01(13) N(1A)-Ni-O 94.41(11) 
 
N(1B)-Ni-S(1B) 83.30(8) O(1W)-Ni-S(1B) 91.16(10) 
 
N(1A)-Ni-S(1B) 177.08(9) O-Ni-S(1B) 83.94(8) 
 
N(1B) -Ni-S (lA) 176.26 (8) O(1W) -Ni-S (lA) 89.79(11) 
 
N(1A) -Ni-S (lA) 83.06(8) O-Ni-S(1A) 83.58(7) 
 
S(1B)-Ni-S(1A) 99.12(4) O(12A)-C1-O(12) 72.6(7) 
 
O(12A)-C1-0(11) 111.0(4) O(12)-C1-O(11) 110.2(4) 
 
O(12A)-C1-O(123) 68.8(8) O(12)-C1-O(12B) 131.7(6) 
 
O(11)-C1-O(12B) 109.9(4) O(12A)-C1-O(14B) 136.5(6) 
 
O(12)-C1-O(14B) 80.2(8) O(11)-C1-O(14B) 110.0(4) 
 
O(12B)-C1-O(14B) 109.7(4) O(12A)-C1-O(13) 134.8(6) 
 
O(12) -C1-O(13) 109.8(4) O(11) -C1-O(13) 109.9(4) 
 
O(12B)-C1-O(13) 80.0(8) O(14B)-C1-O(13) 32.5(9) 
 
O(12A)-C1-O(13A) 109.8(4) O(12)-C1-O(13A) 136.0(6) 
 
O(11)-C1-O(13A) 109.4(4) O(12B)-C1-O(13A) 44.3(8) 
 
O(14B)-C1-O(13A) 68.8(8) O(13)-C1-O(13A) 36.7(7) 
 
O(12A)-C1-O(13B) 42.6(7) O(12)-C1-O(13B) 31.0(7) 
 
O(11)-C1-O(13B) 109.3(4) O(12B)-C1-O(13B) 109.0(4) 
 
O(143)-C1-O(13B) 108.9(4) O(13)-C1-O(13B) 133.3(6) 
 
O(13A)-C1-O(13B) 139.1(6) O(12A)-C1-O(14A) 109.5(4) 
 
O(12)-C1-O(14A) 39.7(7) O(11)-C1-O(14A) 108.9(4) 
 
O(123)-C1-O(14A) 138.7(6) O(14B)-C1-O(14A) 41.7(8) 
 




O(13B)-C1-O(14A) 70.4(7) O(12A)-C1-O(14) 39.0(7) 
 
O(12)-C1-O(14) 109.1(4) O(11)-C1-O(14) 109.5(3) 
 
O(12B)-C1-O(14) 30.5(7) O(14B)-C1-O(14) 132.7(7) 
 
O(13)-C1-O(14) 108.2(4) O(13A)-C1-O(14) 74.3(6) 
 
O(13B)-C1-O(14) 81.1(6) O(14A)-C1-O(14) 137.9(6) 
 
C(4A)-S(1A)-C(3A) 117.0(6) C(4A)-S(1A)-C(3C) 103.5(6) 
 
C(3A)-S(1A)-C(3C) 13.7(7) C(4A)-S(1A)-C(4C) 16.9(4) 
 
C(3A)-S(1A)-C(4C) 100.9(6) C(3C)-S(1A)-C(4C) 87.8(6) 
 
C(4A)-S(1A)-Ni 97.9(3) C(3A)-S(1A)-Ni 92.3(3) 
 
C(3C)-S(1A)-Ni 97.2(2) C(4C)-S(1A)-Ni 94.0(4) 
 
C(33) -S(1B) -C(4D) 108.7 (4) C(33) -S(1B) -C(4B) 92.9 (5) 
 
C(4D) -S(1B) -C(4B) 1S.8 (5) C(3B) -S(1B) -Ni 96.23 (13) 
 
C(4D)-S(1B)-Ni 96.7(4) C(4B)-S(1B)-Ni 98.6(5) 
 
C (SD) -O-C (5A) 122.8(13) C (5D) -O-C (SB) 10(2) 
 
C(5A)-O-C(5B) 130.6(12) C(5D)-O-C(5C) 94.2(12) 
 
C (5A) -O-C (5C) 34.5(4) C (SB) -O-C(5C) 103.9 (13) 
 
C(5D)-O-Ni 114.S(10) C(SA)-O-Ni 112.7(3) 
 
C(5B)-O-Ni 111.S(9) C(5C)-O-Ni 117.2(4) 
 
N(1A)-O(1A)-B 116.1(2) N(1B)-O(1B)-B 115.5(3) 
 
C(2A) -N(1A) -O(1A) 113.6(3) C(2A)-N(1A)-Ni 123.S(2) 
 
O(1A)-N(1A)-Ni 122.7(2) C(2B)-N(1B)-O(1B) 113.7(3) 
 
C(2B)-N(1B)-Ni 124.2(3) O(1B)-N(1B)-Ni 121.3(2) 
 
N(1A)-C(2A)-C(1A) 125.2 (4) N(1A)-C(2A)-C(3A) 114.6(5)__ 
 
C(1A)-C(2A)-C(3A) 119.1(4) N(1A)-C(2A)-C(3C) 119.S(4) 
 
C(1A)-C(2A)-C(3C) 11S.1(4) C(3A)-C(2A)-C(3C) 16.S(9) 
 
C(2A)-C(3A)-S(1A) 115.6(5) C(2A)-C(3C)-S(1A) 115.5(4) 
 




C (SC) -C (4C) -S(lA) 113.3(6) O-C (SC) -C (4C) 105.9(8) 
 
N(1B)-C(2B)-C(1B) 125.1(4) N(1B)-C(2B)-C(3B) 117.9(4) 
 
C(1B) -C(2B) -C(3B) 116.9(3) C(2B) -C(3B) -S(1B) 117.0(3) 
 
C(SB)-C(4B)-S(1B) 113.7(10) O-C(SB)-C(4B) 114.S(11) 
 
C(SD)-C(4D)-S(1B) 112.S(12) O-C(5D)-C(4D) 109.8(10) 
 
F(1)-B-F(2) 111.7(3) F(1)-B-O(1B) 110.8(3) 
 
F(2) -B-O(1B) 105.3 (3) F(1) -B-O(1A) 110.7 (3) 
 










n frequency (cm–1 or Hz) 
m magnetic moment in Bohr magnetons 
c magnetic susceptibility 
[14]aneS4 1,4,8,11-tetrathiacyclotetradecane 









DmtdoH2 4,7-dithia-3,8-dimethyl-nonane-2,9-dione dioxime 
DtcyH2 1,3-bis-(2’-hydroxyiminocyclohexyl-1’-thia)propane 
DtcyptH2 1,3-bis-(2’-hydroxyiminocyclopentyl-1’-thia)propane 
DtdoH2 4,8-dithia-3,9-dimethyl-unidecane-2,10-dione dioxime 
DTEdoxH2 6,7-dihydroxy-4,9-dithiadecane-2,11-dione dioxime 
DtoxH2 4,7-dithiadecane-2,9-dione dioxime 
DttdH2 4,9-dithiadecane-2,11-dione dioxime 
DtudH2 4,8-dithiaunidecane-2,10-dione dioxime 
E1/2 Redox Potential 





Hz hertz, s–1 








3,11-dimethyl-4, 7, 10-trithiatridecane-2, 12-dione 
dioxime 
NMR nuclear magnetic resonance  
perchlorate ion ClO4
– 
PhdtudH2 3,7-dithianonane-1,9-diphenyl-1,9-dione dioxime 
Pr propyl 
py pyridine 
PytoxH2 2,6-Bis{(4’-hydroxyimino)-2’-thiapentyl} pyridine 
rde  rotating disk electrode 







TtoxH2 4, 7, 10-trithiatridecane-2, 12-dione dioxime 
uv ultraviolet 
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